Hippocampal circuits by Böhm, Claudia
Hippocampal Circuits
Pyramidal Cell Diversity During Hippocampal Oscillations and Serotonergic
Modulation of O-LM Interneurons
Dissertation
zur Erlangung des akademischen Grades
Doctor rerum naturalium (Dr. rer. nat.)
eingereicht an der
Lebenswissenschaftlichen Fakultat der Humboldt-Universitat zu Berlin
von
Dipl. Biol. Claudia Bohm
Prasidentin der Humboldt-Universitat zu Berlin: Prof. Dr. Sabine Kunst
Dekan der Lebenswissenschaftlichen Fakultat: Prof. Dr. Richard Lucius
Gutachter:
1. Prof. Dr. Andreas Draguhn
2. Prof. Dr. Dietmar Schmitz
3. Prof. Dr. Richard Kempter
Tag der mundlichen Prufung: 13.09.2016

Erklarung
Hiermit erkare ich, Claudia Bohm,
 die Dissertation selbststandig und nur unter Verwendung der angegebenen Hilfen und
Hilfsmittel angefertigt zu haben.
 Ich habe mich anderwarts nicht um einen Doktorgrad beworben und besitze keinen
entsprechenden Doktorgrad.
 Ich erklare, dass ich die Dissertation oder Teile davon nicht bereits bei einer anderen
wissenschaftlichen Einrichtung eingereicht habe und dass sie dort weder angenommen
noch abgelehnt wurde.
 Ich erklare die Kenntnisnahme der dem Verfahren zugrunde liegenden Promotions-
ordnung der Lebenswissenschaftlichen Fakultat der Humboldt-Universitat zu Berlin
vom 5. Marz 2015.
 Weiterhin erklare ich, dass keine Zusammenarbeit mit gewerblichen Promotionsbe-
raterinnen/Promotionsberatern stattgefunden hat und dass die Grundsatze der Hum-
boldt-Universitat zu Berlin zur Sicherung guter wissenschaftlicher Praxis eingehalten
wurden.
Unterschrift:
iii

Abstract
The hippocampus plays an important role in the acquisition, consolidation and retrieval
of memory. These processes are carried out in a brain-state dependent manner. Dierent
brain states are accompanied by hippocampal oscillations, which reect synchronized neu-
ronal activity and have behavioral correlates. One part of this thesis focuses on ripples,
a fast oscillatory activity with a peak frequency around 120 { 200 Hz which is involved
in the consolidation of memory. During consolidation, information is transferred from the
hippocampus to the neocortex for more permanent storage. The subiculum is located at
the interface between hippocampus and neocortex and is thereby ideally suited to mediate
information transfer to a variety of cortical and subcortical targets. Here I investigated
the properties of subicular pyramidal cells and their modulation during ripples in awake
animals. I found that subicular pyramidal cells exhibit dierent types of modulation during
ripples: by juxtacellular recordings I could show that a subset of pyramidal cells increases
its ring rate during ripples whereas another subset decreases its ring rate. Whole-cell
current clamp recordings allowed me to identify a correlate between modulation and cell
subtype: burst ring cells, i. e. cells, whose output mode consists of a series of closely timed
action potentials, increased their ring rate, and regular ring cells decreased their ring
rate on average. The modulation in ring rate was accompanied by a depolarization or
a hyperpolarization, respectively. In order to illuminate the mechanism of this dieren-
tial modulation, we employed voltage clamp recordings in acute slices. These recordings
showed that regular ring cells exhibit a higher ratio of inhibition to excitation as compared
to burst ring cells. In accordance with this nding, multiple-cell patch-clamp recordings
in vitro revealed that the number of inhibitory synaptic connections onto regular ring cells
was higher than onto burst ring cells. Furthermore we found excitatory connections both
among regular and burst ring cells, but connections between subtypes were unilateral,
only regular ring cells were connected to burst ring cells but not vice versa. We conclude
that the local network topology contributes to the dierent modulation of burst and regular
ring cells during ripples. Concerning the output of the subiculum it has been shown that
the two pyramidal cell subtypes of the subiculum have in part dierent preferential target
areas. Therefore information transferred during ripples is likely to be routed preferentially
to target regions of the burst ring subtype, e. g. the medial entorhinal cortex.
Besides the dierential employment of pyramidal cell subtypes during network oscil-
lations, the hippocampus hosts a variety of interneuron types to achieve functionality.
In addition, neuromodulatory inputs allow for a temporally exible, widespread and cell-
type specic control of activity in the hippocampus. Among these interneuron types are
GABAergic O-LM interneurons. They play an important role in controlling the input to
the hippocampus from the entorhinal cortex. Their somata reside in area CA1 in stratum
oriens and their axons project to stratum lacunosum-moleculare. The excitatory input onto
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those cells arises primarily from local pyramidal cells. We could show that this synapse
is modulated by serotonin, a neuromodulator released from the midbrain raphe nuclei in
a state-dependent manner. Excitatory transmission onto O-LM interneurons is decreased
upon release of serotonin. This modulation is mediated by a presynaptic mechanism and
is likely to involve a decrease in calcium inux into presynaptic terminals. Accordingly,
O-LM interneurons elicit less action potentials in the presence of serotonin. We conclude
that serotonin, by decreasing O-LM output, might release bers from entorhinal cortex
impinging onto CA1 pyramidal cell dendrites from inhibition. This mechanism of input
control might play a role in switching between a state of prevailing intrahippocampal pro-
cessing and a state in which external input from entorhinal cortex is integrated into local
computation.
Zusammenfassung
Der Hippokampus spielt eine wichtige Rolle bei der Erfassung, der Konsolidierung und dem
Wiederabrufen von Gedachtnisinhalten. Diese Prozesse laufen in Abhangigkeit des jewei-
ligen Verarbeitungszustands des Gehirns ab. Verschiedene Zustande werden von hippo-
kampalen Oszillationen begleitet, welche synchronisierte neuronale Aktivitat widerspie-
geln und mit bestimmten Verhaltenszustanden korrelieren. Der erste Teil dieser Arbeit
konzentriert sich auf `ripples', eine schnell schwingende Netzwerkaktivitat mit Hauptfre-
quenzen zwischen 120 { 220 Hz, die an der Festigung von Gedachtnisinhalten beteiligt
ist. Wahrend der Gedachtnis-Konsolidierung wird Information vom Hippokampus zum
Neokortex zur langfristigeren Speicherung weitergegeben. Das Subikulum liegt zwischen
Hippokampus und Neokortex und ist somit hervorragend geeignet die Weiterleitung und
Verteilung zu einer Vielzzahl kortikaler und subkortikaler Zielregionen zu vermitteln. In
dieser Studie untersuchte ich in wachen Mausen die Eigenschaften von subikularen Pyra-
midenzellen und deren Regulierung wahrend ripples. Es zeigte sich, dass Pyramidenzellen
des Subikulums auf verschiedene Art reguliert werden: durch juxta-zellulare Ableitungen
konnte ich zeigen, dass eine Untergruppe von Pyramidenzellen ihre Aktivitat wahrend rip-
ples erhoht, eine zweite Gruppe hingegen ihre Aktivitat wahrend ripples vermindert. In-
trazellulare Ableitungen ermoglichten es uns einen Zusammenhang zwischen Regulierung
und Zelluntertyp aufzudecken: Zellen, die mit einer dichten Abfolge von Aktionspoten-
tialen auf Depolarisierung reagieren (`burst feuende Zellen', in etwa: in Salven feuernde
Zellen) erhohen ihre Aktivitat und regular feuernde Zellen vermindern im Mittel ihre
Aktivitat. Die Regulierung der Feuerrate geht mit einer Depolarisierung, bzw. Hyper-
polarisierung des Membranpotentials einher. Um den Mechanismus dieser verschiedenen
Regulierung aufzudecken, verwendeten wir Aufnahmen mit Spannungsklemme in frischen
Hirnschnittpraparaten. Diese Aufnahmen zeigten, dass bei regular feuernden Zellen das
Verhaltnis zwischen Inhibition und Exzitation kleiner ist als bei burst feuernden Zellen. In
Ubereinstimmung mit diesen Erkenntnissen, haben wir mit Hilfe von multiplen simultanen
in vitro Intrazellularableitungen herausgefunden, dass die Anzahl inhibitorischer synap-
tischer Verbindungen auf regular feuernde Zellen hoher ist als die auf burst feuernden Zellen.
Desweiteren haben wir exzitatorische Verbindungen zwischen regular und burst feuern-
den Zellen gefunden; Verbindungen zwischen den Subtypen waren jedoch einseitig, regular
feuernde Zellen hatten Verbindungen mit burst feuernden Zellen, aber nicht umgekehrt.
Wir schlieen daraus, dass die lokale Netzwerktopologie zur unterschiedlichen Regulierung
von burst und regular feuernden Zellen beitragt. In Bezug auf ausgehende Verbindungen
wurde in fruheren Studien gezeigt, dass die beiden verschiedenen Subtypen des Subikulums
teilweise verschiedene bevorzugte Zielstrukturen haben. Hieraus folgt, dass Informationen
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die wahrend ripples ubertragen werden aller Wahrscheinlichkeit nach bevorzugt zu Zielregio-
nen der burst feuernden Zellen geleitet werden, wie zum Beispiel zum medialen entorhinalen
Kortex.
Neben der Zell-Subtyp spezischen Regulierung von Pyramidenzellen wahrend Netz-
werkoszillationen, beherbergt der Hippokampus auch eine Vielzahl von Interneuron-Typen
um Funktionalitat zu erreichen. Zusatzlich ermoglichen neuromodulatorische Eingange
eine zeitlich exible, weit reichende und Zelltyp-spezische Kontrolle der Aktivitat im Hip-
pokampus. Unter diesen Interneurontypen nden sich die GABAergen O-LM Interneurone.
Sie spielen eine wichtige Rolle bei der Kontrolle von Eingangen aus dem entorhinalen Kortex
in den Hippokampus. Ihre Somata benden sich im Areal CA1 im stratum oriens und ihre
axonalen Fortsatze ragen in die stratum lacunosum-moleculare-Schicht. Sie erhalten ihre
exzitatorischen Eingange hauptsachlich von lokalen Pyramidenzellen. Wir konnten zeigen,
dass diese Synapse durch Serotonin reguliert wird. Serotonin ist ein Neuromodulator der
von den Raphekernen des Mittelhirns zustandsabhangig ausgeschuttet wird. Exzitatorische
Ubertragung auf O-LM Interneurone wird durch die Ausschuttung von Serotonin vermin-
dert. Diese Regulierung wird durch einen prasynaptischen Mechanismus vermittelt und
beinhaltet wahrscheinlich eine Verminderung des Kalziumeinstroms in die prasynaptischen
Endigungen. Dementsprechend werden weniger Aktionspotentiale unter Serotonineinuss
ausgelost. Wir folgern hieraus, dass durch die verminderte O-LM Interneuron Aktivitat in
Gegenwart von Serotonin die Hemmung entorhinaler Kortex Fasern, welche auf CA1 Pyra-
midenzelldendriten zielen, aufgehoben wird. Beim Wechsel zwischen einem Zustand der
durch Hippokampus-interne Berechnungen gepragt ist und einem komplementaren Zustand
in welchem externe Eingange des entorhinalen Kortex in lokale Berechnungen miteinbezogen
werden, konnte dieser Mechanismus eine Rolle spielen.
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Chapter 1
Introduction
1.1 The hippocampal formation
Anatomy and connectivity
The hippocampus has long been an area of intense research. Its popularity can be attributed
to its clearly structured layering as well as its function in the formation and consolidation
of memory and in spatial navigation. Alterations in hippocampal function have also been
implicated in a number of neurodegenerative and neuropsychiatric diseases. In addition, a
unique correlation of behavior and neuronal activity, i.e. an animal's position can be decoded
from hippocampal action potential patterns, makes the hippocampus an attractive research
area. It is evolutionary conserved across all vertebrates, and many of the anatomical details
of the hippocampal formation are similar across mammalian species. Both the hippocampus
and the neocortex arise from the dorsal telencephalon but become anatomically distinct
parts during development. The hippocampus is located deep in the brain, within the
temporal lobe. The hippocampal formation consists of two interlocked C{shaped structures
and comprises the dentate gyrus, the Cornu ammonis (CA) areas CA3, CA2, CA1 and the
subiculum (Figure 1.1).
Classically, connections between the hippocampal subareas and the entorhinal cortex
are viewed as a feed-forward excitatory circuit, including entorhinal cortex, dentate gyrus,
area CA3 and area CA1. The granule cells of the dentate gyrus receive excitatory input
from the entorhinal cortex via the perforant path, which is conventionally considered the
rst synapse in the circuit. This synapse gained early attention by the seminal work of
Lmo and Bliss, demonstrating long-term potentiation at this synapse (Bliss and Lmo,
1973). The granule cells form the second synapse: their axons, termed mossy bers, connect
to pyramidal cells of area CA3. CA3 pyramidal cells, in turn project onto CA1 pyramidal
cells via the Schaer collateral pathway. The circuit is completed by projections from CA1
pyramidal cells to the entorhinal cortex .
1
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Figure 1.1: Drawing of the neural circuitry of the rodent hippocampus. Cajal's
drawing indicates the regions constituting the hippocampal formation including the dentate
gyrus (DG), Cornu Ammonis 3 (CA3), CA1 and Subiculum (Sub). The inset in the
lower left depicts the basic connectivity among those regions and the entorhinal cortex
(EC). Santiago Ramon y Cajal (1911) Histologie du Systeme nerveux de l'Homme et des
Vertebres, Paris: A. Maloine. Source: Wikimedia commons
A more detailed view however, reveals a variety of cell types, layers and additional
connections, of which I will only mention the ones most relevant to this thesis; the topic is
extensively covered in `The hippocampus book' (Andersen et al., 2006).
The CA areas exhibit prominent cell layers: the deepest layer is the alveus, it con-
tains mostly axons. The next layer is the stratum oriens, which hosts diverse types of
interneurons, which will be detailed below. A very densely populated layer is the stratum
pyramidale; it contains the cell bodies of the pyramidal neurons, which are the principal
cells of the CA areas. The stratum pyramidale is neighboured by the stratum radiatum,
and the most supercial layer of the CA elds is the stratum lacunosum{moleculare. In
area CA1 the stratum radiatum contains the Schaer collateral bers; the CA1 stratum
lacunosum{moleculare is the terminal eld of the temporoammonic pathway, that arises
from the entorhinal cortex and provides direct input from entorhinal cortex, bypassing the
dentate gyrus and the CA3 region (Figure 1.1).
The CA1 pyramidal cell layer is continuous with the pyramidal cell layer of the subicu-
lum. In the subiculum however, it is broader and cells are more dispersed than in the CA1
region. Beside the pyramidal cell layer, the subiculum contains a molecular layer and a
polymorphic layer. The molecular layer is an extension to the strata lacunosum{moleculare
and radiatum of the CA1 region but contains much fewer cell bodys (Ding, 2013).
By means of anterograde tracers it was found that the CA1 region innervates the subicu-
lum in a series of nested loops, i. e. the most distal regions of the CA1 (close to the border
to the subiculum) project just over the border and in fact were in some cases also found
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to then project back to CA1 in stratum radiatum and statum lacunosum{moleculare. The
proximal region of CA1, bordering CA3, targets the distal part of the subiculum while the
middle part of CA1 projects to the middle of the subiculum (Amaral et al., 1991; Tamamaki
et al., 1987). In addition, the subiculum receives direct excitatory input from the entorhinal
cortex layer 3 via the perforant path. These connections are organized in a proximodistal
as well as in a septotemporal fashion (Honda et al., 2012).
Area CA1 and the subiculum have both prominent projections to extrahippocampal
targets, although they are organized in a dierent fashion: while in the CA1 region each
cell projects to several brain regions outside of the hippocampus, each projection cell in the
subiculum has mostly only one target region (Naber and Witter, 1998; Kim and Spruston,
2012). However, most projections from CA1 terminate in the subiculum, therefore the
subiculum is the main sub-area from which information is distributed to areas outside of
the hippocampus (O'Mara, 2006). The axonal trajectories from the subicular pyramidal
cells extend in the deep white matter of the alveus/angular bundle towards the presubiculum
or area CA1. The apical dendrites are branching at the top of the cell layer and extend
towards the hippocampal ssure (Harris et al., 2001). The target regions of the subiculum
are diverse, including cortical and subcortical target areas as indicated in Figure 1.2.
Subiculum
retrosplenial cortex
presubiculum
medial mammillary nucleus
medial entorhinal cortex
lateral entorhinal cortex
perirhinal cortex
nucleus accumbens
lateral septum
hypothalamic nucleus
amygdala
Figure 1.2: The subiculum is one of the main output regions of the hippocam-
pus. Scheme depicting the hippocampal formation and cortical and subcortical projection
areas of the subiculum.
1.2 Neuromodulators
The inputs to the hippocampus from other brain regions also include those from neuromodu-
latory centers. Neuromodulators are a means to tune and modify hard-wired connections in
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a exible but less specic manner. Numerous neuromodulators have been described, among
them acetylcholine, endocannabinoids, norepinephrine, a variety of peptides, dopamine and
serotonin. Neuromodulators can have eects on excitatory and inhibitory synaptic trans-
mission, adaptation properties and the membrane potential, and thereby alter processing
characteristics. The eects of neuromodulators are generally slower than those of neuro-
transmitters, they act in a longer lasting and spatially more diuse manner and are thereby
ideally suited to complement the fast action of neurotransmitters. Of note, some of the
above mentioned neurochemical substances, including acetylcholine and serotonin can act
both in a direct fashion, by binding to and opening an ion channel for example, and indi-
rectly, by triggering an intracellular cascade which in turn might inuence neuronal activity.
Therefore the modulatory eect of those substances should be classied on the receptor level
(Hasselmo, 1995).
Serotonin as a neuromodulator
Serotonin (5-hydroxytrytamin, 5-HT, C10H12N2O) is a monoamine neurochemical that
modulates neural activity and a wide range of neuropsychological processes. In animals
serotonin is synthesized from the amino acid L-tryptophan by two enzymes, tryptophan
hydroylase and aromatic amino acid decarboxylase. The main source of 5-HT in the brain
are the neurons of the raphe nuclei (Dahlstroem and Fuxe, 1964). The raphe nuclei are
located along the midline of the brainstem around the reticular formation. The neurons
from the raphe nuclei send a vast network of projections that terminate in a dened and
organized manner in cortical, limbic, midbrain, and hindbrain regions. Nine groups of
serotonin-containing cell bodies have been described, B1{B9. The dorsal raphe nucleus
consists of B6 and B7. The median raphe nucleus corresponds to B8. The ascending
serotonergic projections that innervate the forebrain, including the limbic areas, arise pri-
marily from the dorsal raphe, median raphe and the B9 cell group (Molliver, 1987). Other
projections include those to the brainstem and to the spinal cord (Figure 1.3).
The neurons in the dorsal and the median raphe dier in their active and passive electro-
physiological properties, such as their responsiveness to 5-HT1A receptor activation (Beck
et al., 2004; Kirby et al., 2003). Furthermore, serotonergic axons and terminals exhibit mor-
phological dierences: while axons arising from the median raphe are relatively coarse with
large varicosities, axons arising from the dorsal raphe nucleus are ner and have smaller
varicosities (Mamounas et al., 1991; Kosofsky and Molliver, 1987). The stratum oriens and
stratum radiatum of area CA1 are innervated almost exclusively by ne serotonergic ax-
ons (Mamounas et al., 1991). Serotonin is released upon action potential generated vesicle
release from the axonal terminals.
By the numerous target areas all over the brain the raphe nuclei are well suited to mod-
ulate the activity of a wide variety of brain circuits. Serotonin signaling is involved in the
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Figure 1.3: The serotonergic neuromodulatory system. Schematic drawing de-
picting the location of the serotonergic cell body groups B1{B3 (yellow, posterior groups)
and B5{B9 (purple) in a sagittal section of a mouse brain and their major projections.
The dorsal raphe nuclei B6 and B7 are depicted in light purple. Arrows indicate regions
highly innervated by serotonergic aerents: hypothalamus (hyp), amygdala (amg), thala-
mus (th), nucleus accumbens (acb), striatum (st), olfactory bulb (ob), cerebral cortex (cx),
hippocampus (hip). cer: cerebellum, mfb: medial forebrain bundle. Drawing modied from
(Vitalis et al., 2013).
regulations of various cognitive and behavioral functions and dysfunctions, such as sleep,
anxiety, pain, mood, learning and their dysfunction in disease syndroms like depression. It
acts by binding to the large variety of receptors on the cell's surface of both excitatory and
inhibitory gamma-aminobutyric acid (GABA)ergic (inter)neurons. The receptors can be
located on the soma, dendrites or presynaptic terminals. Fifteen serotonin receptors have
been cloned to date, which are grouped into seven classes based on their signaling mech-
anism (Kroeze et al., 2002). Except for the 5-HT3 receptor, a ligand-gated ion channel,
all 5-HT receptors are G-protein coupled transmembrane spanning receptors. Upon acti-
vation an intracellular second messenger cascade is triggered (Hannon and Hoyer, 2008).
Serotonin is cleared by serotonin transporter (SERT) proteins and recycled in a sodium-
dependent fashion. This protein is the target of many pharmaceutical drugs commonly
used as antidepressant medication. Both immunohistological stainings and electrophysio-
logical experiments have helped to elucidate the numerous cellular eects of serotonin in
the hippocampus. For example, it was shown early on that iontophoretically applied sero-
tonin, as well as electrical stimulation of the raphe nuclei inhibit pyramidal cell ring in
vivo (Segal, 1975). Aided by an increasing number of receptor subtype specic agonists and
antagonists, several cell type and receptor subtype specic actions of serotonin could be
identied in the hippocampus. One of the most abundantly expressed 5-HT receptors in the
hippocampus is the 5-HT1A receptor. It mediates hyperpolarization of pyramidal cells via
G-protein coupled K+ channels (GIRK channels) (Segal, 1980; Andrade and Nicoll, 1987).
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5-HT has also been reported to suppress the induction of long-term potentiation at com-
missural synapses in stratum radiatum of hippocampal region CA3 (Villani and Johnston,
1993). In contrast, the excitatory input from the entorhinal cortex onto CA1 pyramidal
cells via the temperoammonic pathway is selectively potentiated by endogenous serotonin
(Cai et al., 2013).
1.3 The role of the hippocampal formation in memory, spa-
tial navigation and disease
Ever since the famous patient H.M. was diagnosed with a severe anterograde amnesia after
both his hippocampi had been surgically removed because he suered from untreatable
epilepsy, the hippocampal formation has been implicated in learning and memory (Scoville
and Millner, 1957). This case demonstrated that the human hippocampus is necessary for
declarative and more specically, for episodic memory, the ability to remember and describe
specic personal experiences (Steinvorth et al., 2005). Furthermore, the hippocampus sup-
ports the consolidation of memories for episodic long-term storage (Bayley et al., 2006).
However, following surgical removal of the hippocampus perception, cognition, as well as
short-term memory remain largely intact. It has been suggested that the hippocampus
serves to provide relational organization that encompasses associations between objects
and/or events, the spatial-temporal context in which they occurred and the sequential as-
sociation between events, for review see (Eichenbaum, 2004). In a set of elegant experiments
Fortin et al. showed that in rodents the memory for the sequential order of events (in this
case the presentation of dierent odors) is hippocampus-dependent whereas the memory
for prior occurrence of events, independent of their order, is not hippocampus-dependent
(Fortin et al., 2002).
In rodents one of the most prominent functional features of the hippocampus is its
ability to encode a spatial map. In the early 70s, cells with spatially modulated activity
were discovered in the hippocampus (O'Keefe and Dostrovsky, 1971). These cells are active
whenever the animal is in a certain position in an arena or along a linear track and silent
in other locations, therefore these cells have been called `place cells' (O'Keefe and Nadel,
1978). Place cells have also been found in the dentate gyrus, CA3 (Jung and McNaughton,
1993; Lee and Wilson, 2004) as well as in the subiculum (Sharp and Green, 1994). Further
research has revealed other types of spatially modulated cells in the hippocampus and
associated regions: grid cells, their activity forms a grid-like map of an environment (Moser
et al., 2008), and border-cells. Border cells have been predicted by models of place elds
(Hartley et al., 2000) and then have later been found experimentally both in the MEC
(Solstad et al., 2008; Savelli et al., 2008) and the subiculum (Lever et al., 2009). These
cells are active whenever the animal is in a certain distance to a border or demarcation of
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the environment. Other cells with a clearly dened function in spatial navigation include
head-direction cells and the recently described speed-cells (Krop et al., 2015; Sun et al.,
2015). In addition, conjunctive cells, that combine properties of two or more types of spatial
modulation and/or behavior have been found.
The properties of the place cells in the subiculum dier to some extent from those
found in area CA1: their ring elds are larger or display multiple ring peaks, with
less sharp edges. Furthermore, it has been suggested that subicular place cells generate
the same map after changes in the environment (Sharp and Green, 1994; Sharp, 2006)
whereas hippocampal place cells in the CA areas have other or no place elds in dierent
environments, a phenomenon called `remapping', which has been rst described in (Muller
and Kubie, 1987).
Generally, compared to neighbouring brain regions, such as area CA1 and the entorhinal
cortex, the subiculum has been much less studied and knowledge about the spatial ring
properties of subicular pyramidal cells are still limited. Although it is puzzling that one of
the major output regions of the hippocampus exhibits a lower degree of spatial selectivity
than its input region, these broader place elds might serve the purpose of signaling the
approximate position. Given that the ring rate of area CA1 place cells is quite low and the
fraction of cells with only one or no eld in a given environment is quite high (Thompson
and Best, 1989; Karlsson and Frank, 2008; Rich et al., 2014), it might be useful to employ
a more coarse representation at the cost of precision.
The formation of a spatial map and the retrieval of it, providing a spatial context for
memory, is obviously of great importance for survival, e.g. in order to remember where food
is stored, where dangerous predators linger or to be able to nd the way home. Furthermore,
spatial memory shares features with episodic memory (a term which classically requires
self-awareness, which might be questionable in rodents), in which items are recalled in an
orderly fashion, similar to the sequential recall of a spatially structured environment as a
sequence of place cell activity. It is therefore likely that the structural basis for episodic
and spatial memory are alike and quantitatively similar computations are performed (Frank
et al., 2006).
Concerning the specic role of the subiculum and the question whether the hippocampal
formation functions as one functional unit, it has been shown that damage limited to either
the CA regions and the dentate gyrus, or the subiculum alone leads to impairments in
learning but combined lesions of all these regions results in more profound decits (Morris
et al., 1990; Jarrard et al., 1986). For non-spatial learning tasks there is conicting evidence
for the necessity of hippocampal regions (Bunsey and Eichenbaum, 1995; Burton et al.,
2000). The subiculum and the CA1 region have been suggested to have diverse functional
roles in the delayed non-match-to-sample task (DNMS). In this task, rodents, typically
rats, are presented a sample and after a certain delay period the animal is requested to
choose between the previously presented sample and an alternative. A trial is performed
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correctly if the animal chooses the non-familiar sample (non-matched). With synchronous
recordings in the subiculum and the CA1 region in rats performing this task, it has been
found that during the delay period ring of subicular neurons is increased during the rst
15 seconds while hippocampal neurons exhibited a decreased ring rate. This relationship
was reversed in later delay phases ( 15 seconds): CA1 neurons increased their ensemble
ring rate while subicular cells' ring rate decreased, suggesting complementary roles of
CA1 and the subiculum during mnemonic tasks (Deadwyler and Hampson, 2004).
The subiculum has been implicated in a number of diseases, such as the in the initia-
tion of epileptic events, e.g. (Cohen et al., 2002), for a review see (Stafstrom, 2005). The
ventral subiculum in particular might play a role in drug addiction (Vorel et al., 2001).
The subiculum has also been described as one of the regions with the most obvious cy-
toarchitectural changes observed in schizophrenia, summarized in (Harrison and Eastwood,
2001). Furthermore, in sections from patients who had Alzheimer's disease, a remarkable
cell loss in the subiculum as well as in the CA1 region was observed. This cell loss was
not present in age-matched controls and also not in the adjacing pre- or para-subiculum
of Alzheimer's disease patients. In addition, a large number of neurobrillary tangles were
seen in the subiculum and CA1, not so in presubiculum and CA3. Possibly these alterations
might separate the hippocampal output from its targets in the Alzheimer's diseased brain
(Hyman et al., 1984; Davies et al., 1988).
1.4 Hippocampal oscillations
In order to achieve functionality the high number of cells in the brain have to be coordinated.
Higher brain function does not rely on single cells but is achieved by the concerted action
of many neurons and neuron types. This demands for one or several mechanisms that turn
subsets of cells on and o in a dynamic fashion to fulll behavioral and cognitive demands.
As the brain is a network of functional units on diverse levels, which are coupled within
and among specic anatomical structures, oscillations are a natural way to coordinate the
activity of populations of cells (Buzsaki and Draguhn, 2004) .
The hippocampal formation exhibits oscillations at various frequencies that are corre-
lated with behavior. Oscillatory activity can be observed with various methods, both from
the outside and the inside of the brain. Electroencephalograms (EEGs) for instance can be 
measured on the skull surface whereas local eld potentials (LFPs) are measured within the
brain from a spatially more restricted area. A typical LFP recording picks up the signals
from around 250 µm surrounding the electrode (Katzner et al., 2009), depending also on 
the type of electrode that is used. The LFP can be described as the sum of currents owing
across the membranes of cells in the vicinity of the recording electrode. Furthermore the
shape and polarity of the signal depends on the exact positioning of the electrode. It is
determined by the organization of the cells within reach of the electrode, i.e. if the cells are
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organized in a columnar fashion or more distributed. For example the eld signal in the
CA1 region is very prominent because of the clear and dense organization of the pyramidal
cells in this area, for review see (Buzsaki et al., 2012). When penetrating the brain with a
eld electrode, the signal changes polarity while crossing the cell body layers and dendritic
layers. The polarity is reversed in dendritic layers by 180  as compared to the pyramidal
cell layers because they act as current sink or source, respectively (Buzsaki, 1986). On the
cellular level, oscillations can also be observed as membrane uctuations that correlate with
the extracellular signal (Ylinen et al., 1995b; Kamondi et al., 1998).
The oscillations in the hippocampus can be distinguished by the main frequency they
exhibit. One of the most prominent hippocampal oscillations are theta oscillations. Theta
oscillations can be observed most prominently during locomotion and during rapid-eye-
movement (REM) sleep. The peak frequency ranges between 4{12 Hz, depending on the
state of the animals (anesthetized or sleeping versus awake). Furthermore, the frequency of
the theta oscillations correlates with the speed of the animal, it shifts to higher frequencies
with increasing moving speed (S lawinska and Kasicki, 1998). They can be generated within
the CA1 subeld (Goutagny et al., 2009) but usually occur simultaneously in respective
hippocampal subregions. They can travel both in the canonic direction, from CA3 to CA1
to the subiculum or in reversed order (Jackson et al., 2014). While theta oscillations have
long been believed to be dependent on cholinergic input from the medial septum (Zhang
et al., 2010; Vandecasteele et al., 2014), a recent study demonstrates the importance of
glutamatergic input from the medial septum in the generation and modulation of theta
oscillations (Fuhrmann et al., 2015). Theta oscillations have been hypothesized to play a
role in the formation of place elds and phase precession, the ordered advancement of spike
timing during traversal of a place eld (O'Keefe and Recce, 1993). The phase of spiking
thereby encodes the exact position in the place eld by employing a temporal code (Jensen
and Lisman, 2000). However, the view that theta oscillations are important for spatial
navigation has been challenged by ndings in bats. These animals have very clear place
and grid elds, very good navigational skills and an overall extremely similar structure of
the hippocampus as rodents, but do not show any consistent theta oscillations (Yartsev
et al., 2011).
Another prominent oscillatory pattern observed in the hippocampus are gamma oscil-
lations; they exhibit frequencies between 30 to 100 Hz. Gamma oscillations often occur
concurrently with theta oscillations, both during waking and rapid eye movement (REM)
sleep. The faster gamma oscillation can be nested in the slower theta oscillation, which
means that the amplitude of the gamma oscillation is modulated by the phase of theta
(Bragin et al., 1995; Montgomery et al., 2008). This phase-amplitude cross-frequency cou-
pling has been shown to increase during learning of a conditional discrimination task (Tort
et al., 2009). Moreover, the phases of the theta oscillation and the subbands of the gamma
oscillation are also coupled (Belluscio et al., 2012). It has been suggested that the two
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interacting oscillations serve to represent multiple items, e.g. places, in an orderly fashion.
These items are encoded in the cycles of the gamma oscillation which occur at dierent
phases of the theta rhythm; evidence for this hypothesis has been recently discussed by Lis-
man and Jensen (Lisman and Jensen, 2013). Gamma oscillations can be induced in vitro
by activation of metabotropic glutamate receptors (Whittington et al., 1995), muscarinic
acetylcholine receptor (Fisahn et al., 1998) or kainate receptors (Fisahn, 2005). During
gamma oscillations pyramidal cell spiking leads perisomatic-targeting interneuron ring
by a few milliseconds (Bragin1995,Mann2005,Csicsvari2003). The mechanisms involved in
the generation of gamma oscillations have been recently reviewed by Buzsaki and Wang
(Buzsaki and Wang, 2012).
Sharp wave-ripples, memory consolidation and functional ensembles
The fastest physiological oscillations are ripples, which exhibits frequencies between 120{200
Hz. They are accompanied by an underlying slow component, called sharp wave (Buzsaki,
1986), together they are referred to as sharp wave-ripples (SWRs). SWRs occur dur-
ing sleep, rest, consummatory behavior and during grooming. Approximately 10% of the
whole pyramidal cell population re one or more action potentials in a given SWR (Ylinen
et al., 1995a). In the CA1 region, SWRs can be generated at dierent positions and travel
within area CA1 in both directions, towards subiculum or CA3 and along the dorso-ventral
axis (Patel et al., 2013). SWRs occur temporally locked in sub-areas of the hippocampal
formation, including area CA3, CA1 and the subiculum. Furthermore, they are locked to
up down state transitions in the neocortex (Sirota et al., 2003). The mechanism of SWR
generation is still a matter of debate. It has been suggested that fast oscillations are gen-
erated in the axonal plexus of excitatory cells that are coupled among each other via gap
junctions (Draguhn et al., 1998; Traub and Bibbig, 2000; Bahner et al., 2011). Others have
suggested that either interneuron-pyramidal cell interactions are critically involved in the
generation of SWRs (English et al., 2014) or that parvalbumin positive interneurons are
sucient for the generation of SWRs (Schlinglo et al., 2014).
SWRs have long been hypothesized to play a role in the consolidation and retrieval
of memory (Buzsaki, 1989). In accordance with this notion, sleep has been shown to be
benecial for memory consolidation (Marshall et al., 2006; Wilhelm et al., 2013; Inostroza
and Born, 2013), for review see (Diekelmann and Born, 2010). Indeed it has been shown
that SWRs play a causal role during spatial memory formation in rodents both during sleep
and awake SWRs. In these experiments SWRs were interrupted by electrical stimulation
either during sleep phases after learning a spatial task or during the task (Girardeau et al.,
2009; Ego-Stengel and Wilson, 2010; Jadhav et al., 2012). Memory consolidation involves
transfer to long-term storage areas and long-lasting synaptic changes. These processes are
likely enabled by the reactivation of cells that have been active during memory acquisition,
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i.e. during exploration (Wilson and McNaughton, 1994). Reactivation occurs preferentially
during SWRs, both in awake state as well as during sleep. However it has also been observed
during gamma oscillation (Johnson and Redish, 2007). During replay events, a sequence of
place cells, that is encountered during exploration is `replayed', i.e. the place cells coding for
the respective place elds are reactivated in the same or reversed order, thereby encoding
a specic path.
More general, a pattern of coordinated activity might represent a memory trace, or a
memory engram encoding a path or an association. Recently it has been shown that arti-
cially activating an ensemble of dentate gyrus granule cells, that has previously been active
during a learning task, in this case fear-conditioning, leads to the appropriate behavioural
output, freezing, if the animal is in the context in which the association was learned (Liu
et al., 2012). Surprisingly, protein synthesis is not required for context-specic, light in-
duced freezing (Ryan et al., 2015).
How are members of an ensemble of cells, be it cells representing a sequence of visited
places or cells that represent an association bound together? On the cellular and molecular
level, activity dependent processes might alter the synaptic strength of certain synapses.
These processes require the exact timing of pre- and postsynaptic activity, as proposed by
Hebb (Hebb, 1949). This type of plasticity has been conrmed at many synapses through-
out the brain (Levy and Steward, 1983; Bell et al., 1997; Markram et al., 1997; Bi and
Poo, 1998) and has been termed spike-timing dependent plasticity (STDP), for review see
(Caporale and Dan, 2008). Ultimately the response to a stimulation of constant strength is
enhanced in long-term potentiation (LTP) (Bliss and Lmo, 1973) and decreased in long-
term depression (LTD). Ionotropic glutamate receptors, N-methyl-D-aspartate (NMDA)
receptors, are necessary for the induction of plasticity as it has been shown that block-
ade of this receptor type prevents LTP induction (Murphy et al., 1997) and impairs place
learning in rats (Morris et al., 1986). Following the induction of LTP, -amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors are inserted into the postysnaptic
membrane whereas following the induction of LTD AMPA receptors are removed from the
postsynaptic membrane. In line with this, it has been shown that NMDA receptors in the
CA3 region are necessary for pattern completion (Nakazawa et al., 2002). Furthermore,
by means of genetically interrupting the Schaer collateral input from CA3 to CA1 it has
been demonstrated that this excitatory input is necessary for system memory consolida-
tion. Interestingly, in these experiments SWRs still occurred in the CA1 region, albeit at
a lower frequency. However, the experience-dependent coordinated ring patterns of CA1
neurons were impaired, providing additional evidence that replay of sequences is necessary
for memory consolidation (Nakashiba et al., 2009). A causal link between LTP and associa-
tive memory, in this study fear conditioning, has recently been made (Nabavi et al., 2014).
Whether similar mechanisms are at play for more complex types of memory, such as spatial
learning, remains to be established.
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1.5 Cell (sub)type diversity in the hippocampal formation
As detailed above, function can be achieved by the coordinated activity of cells. Addition-
ally, cells in the hippocampus and in the brain in general are very diverse and are specialized
to fulll specic functions. Neurons can be classied according to the type of neurotrans-
mitter they release, their morphology, and molecular markers. Very coarsly, neurons can
be divided into excitatory and inhibitory neurons. Excitatory principal neurons, such as
pyramidal cells and also the granule cells of the dentate gyrus are considered projection
neurons, i.e. they target other brain regions. Although generally assumed to be less diverse
than interneurons (see paragraph 1.5.2 below), recent evidence, including our study (see
paragraph 2.3) points towards intrinsic dierences among pyramidal cells. The primary
neurotransmitter employed by excitatory neurons is glutamate. Excitatory neurons target
both interneurons as well as other excitatory cells. Inputs from a specic area often in-
nervate a certain part of the dendritic tree, e.g. the medial entorhinal cortex input via the
temperoammonic pathway targets the apical dendrites of CA1 pyramidal cells.
1.5.1 Pyramidal cells in the subiculum and neighbouring regions
Excitatory cells exhibit a diverse morphology, however I will focus here on the pyramidal
cells of the CA region and the subiculum with the name-giving typical triangular cell shape.
Pyramidal cells of the CA region and the subiculum exhibit a large apical dendrite and a
smaller set of basal dendrites.
In the subiculum two types of pyramidal cells, according to their response to current
injections in vitro has been described: bursting and regular ring cells, e.g. (Stewart, 1997).
The bursting cells re two or more closely timed action potentials at the beginning of the
step current pulse whereas the action potentials of regular ring cells have a longer inter-
spike interval (Figure 1.4).
Figure 1.4: Burst and regular ring pyramidal cells in the subiculum. Burst
and regular ring cells can be distinguished in vitro by their characteristic ring pattern
in response to current pulse injections. Scale bars: 20 mV, 25 ms. Modied from (Wozny
et al., 2008b)
.
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Besides this dierence, subicular pyramidal also exhibit morphological dierences: the
regular ring cell subtype exhibits longer basal dendrites than the bursting cell subtype,
whereas the average total length of tuft dendrites is shorter in regular ring cells than in
bursting cells. The input resistance is signicantly larger in regular ring cells than in
bursting cells, the same holds true for the sag ratio (Graves et al., 2012). In addition the
bursting and regular ring type display dierent pharmacological responsiveness (Graves
et al., 2012; Greene and Mason, 1996; Kintscher et al., 2012) and dierent forms of LTP
(Wozny et al., 2008b,a), for review see (Behr et al., 2009). A recent study demonstrated a
reversed STDP learning rule at the proximal excitatory synapse of the subiculum (Pandey
and Sikdar, 2014). The most obvious dierentiating parameter of these cells, however, is
their property to elicit action potentials in a characteristic temporal pattern in response
to depolarizing step current injections, as described above. The dominating view is that
bursting and regular ring cells are not convertible (Stewart, 1997; Graves et al., 2012), but
see also (Sta et al., 2000). The mechanism underlying burst ring is voltage independent,
and burst ring is primarily driven by non-inactivating, high-voltage activated Ca2+ tail
currents (Jung et al., 2001).
The proportion of bursting to regular ring cells increases along the proximo-distal axis
of the subiculum (proximo-distal with respect to the neighbouring CA1 region). Further-
more the target regions of the subiculum are also arranged in a proximo-distal position
dependent manner. As a result, the targets of bursting and regular ring cells are largely
dierent, suggesting parallel streams of information (Kim and Spruston, 2012). Burst r-
ing cells project mostly to the medial entorhinal cortex and presubiculum, which are both
brain areas mostly involved in the processing of spatial information. The regular ring
type projects mostly to lateral entorhinal cortex as well as nucleus accumbens, brain re-
gions associated with the retrieval of non-spatial memory, such as context and object-related
information (Tsao et al., 2013). Despite these dierences it remained as yet unknown, if
these cells also exhibit functional dierences.
Recently, few studies have explored correlations between cellular and functional prop-
erties and local connectivity. For example, in the visual cortex pyramidal cells with similar
response properties, i.e. cells that share the same tuning curve are preferentially connected
among each other (Ko et al., 2011). Moreover, cells exhibiting c-fos expression, an im-
mediate early gene commonly used to indicate previous activation, have been shown to
be preferentially connected in primary somatosensory cortex (Yassin et al., 2010). These
patterns demonstrate that in many brain regions pyramidal cells are functionally diverse
and that these dierences are reected in the network architecture.
In addition to structural dierences among pyramidal cells, there are also genetic factors
that are likely to contribute to functional cell identity and to the formation of subgroups that
are activated together to form functional ensembles. Along these lines Deguchi et al have
shown that principal cells in the hippocampal formation, including dentate granule cells and
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pyramidal cells of the CA regions 1 and 3 are preferentially connected to each other if they
were born on the same day. However electrophysiological evidence and therefore evidence for
functional synapses is still missing. Interestingly, cells born around the same time point were
not only preferentially connected to each other but also shared the same genetic variants
(Deguchi et al., 2011). In another approach, all cells in the CA1 pyramidal layer that were
decendents of the same precursor cell were labeled. These sister cells were arranged in
clusters and exhibited more synchronous inhibitory inputs than non-sister pyramidal cells,
whereas the excitatory input as well as connection probability (both electrical and chemical)
were comparably low (Xu et al., 2014).
1.5.2 Inhibitory interneuron diversity in the hippocampus
The `counterpart' of the above described excitatory pyramidal cells are interneurons. The
primary neurotransmitter that is released from interneurons is GABA, which acts mostly
inhibitory. The axons of inhibitory interneurons are often extensive and widely distributed,
connecting to many postsynaptic partners, including both excitatory and inhibitory neu-
rons. Together with their high ring rate, inhibitory interneurons are expected and have
been proven to have a high impact on hippocampal dynamics. The high diversity of in-
hibitory interneurons in the hippocampus is well accepted. They can be classied according
to their preferred target zones on post-synaptic partner neurons, their axonal ramication,
their genetic expression prole and their functional specialization (Markram et al., 2004;
Klausberger and Somogyi, 2008) (Figure 1.5).
One of the most well studied interneurons of the hippocampus are fast spiking, par-
valbumin expressing interneurons (these two populations, fast spiking and parvalbumin
immunoreactive cells are not identical, but most fast spiking interneurons are parvalbu-
min positive). They preferentially innervate the periosomatic region of their target cells,
enabling them to tightly control the output of the postsynaptic cell. Their ring rate in
vivo is high and they are densely innervating their surrounding pyramidal cells as well as
other interneurons. They are involved in many oscillatory patterns of the hippocampus.
For instance, parvalbumin positive interneurons control the timing of pyramidal cell ring
relative to the theta cycle. Eliminiating parvalbumin positive interneuron ring shifts the
phase of the pyramidal cell ring to the trough of theta oscillations (Royer et al., 2012).
During SWRs, both fast-spiking interneurons as well as bistratied cells, increase their
ring rate (Ylinen et al., 1995a).
Oriens-lacunosum moleculare interneurons
Oriens lacunosum-moleculare (O-LM) interneurons are dendrite{targeting GABAergig in-
terneurons. Their somata have elongated shapes and thick dendrites extending horizontally
to both directions, towards CA3 and the subiculum. The axon arborizes extensively in
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Figure 1.5: Interneuron diversity in the hippocampal region CA1. The scheme
depicts the cellular diversity of the CA1 region. Excitatory input from dierent sources
arrives in the four-layered structure area CA1 (left). Twentyone interneuron types have
been described by Klausberger and Somogyi (axons in purple). The O-LM interneuron (7)
reaches with its output synapses into stratum lacunosum moleculare, where the input from
the entorhinal cortex arrives. Blue: pyramidal cells, they can be distinguished based on
the the expression of calbindin (CB). Source: (Klausberger and Somogyi, 2008)
stratum lacunosum-moleculare (Lacaille et al., 1987). They receive both excitatory and
inhibitory input with increasing number of synapses towards the distal dendrites as shown
by electron microscopy (Martina et al., 2000). They are mostly innervated by local pyra-
midal cells (Sik et al., 1995; Blasco-Iba~nez and Freund, 1995). O-LM interneurons also
receive exciatory, cholinergic input from the medial septum and the diagonal band of Broca
and are coupled among each other via gap junctions (Le~ao et al., 2012). The pyramidal-
O-LM synapse is strongly facilitating (Ali and Thomson, 1998), which is in contrast to
other glutamatergic synapses, which are mostly depressing (Deuchars and Thomson, 1996;
Markram et al., 1997; Feldmeyer et al., 2006). The axon originates mostly from a dendrite,
implying a role both in the integration of synaptic input and the axonal output. Indeed,
Martina et al. showed that in O-LM interneurons action potentials can be initiated in
dendrites; sodium channels allow for fast and active propagation of action potentials along
the dendrites (Martina et al., 2000).
O-LM interneurons express metabotropic glutamate receptors mGluR1 (Blasco-Iba~nez
and Freund, 1995), their activation leads to strong depolarization and oscillatory responses
(McBain et al., 1994). Additionally they express somatostatin (Kosaka et al., 1988; Freund
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and Buzsaki, 1996), and recently a more specic marker, Chrna2, became available (Le~ao
et al., 2012).
O-LM interneurons do not constitute a homogenous population: recently a subdivision
among O-LM interneurons with dierent developmental origin has been found: one subset
of O-LM interneurons is derived from the caudal ganglionic eminence and expresses 5-
HT3Areceptors and another subset is derived from the medial ganglionic eminence and
lacks expression of 5-HT3Areceptors (Chittajallu et al., 2013). O-LM interneurons display a
hyperpolarization-activated current that has been described to contribute to the excitability
of this cell type (Maccaferri and McBain, 1996) as well as to theta{resonance (Griguoli et al.,
2010), but see (Kispersky et al., 2012).
O-LM interneurons in area CA1 target the distal apical dendrite of pyramidal cells,
where input from entorhinal cortex arrives via the temperoammonic pathway (Maccaferri
and McBain, 1995). Indeed, active O-LM interneurons inhibit entorhinal cortex input and
can also inhibit LTP of the temperoammonic pathway (Le~ao et al., 2012). In contrast,
intrahippocampal input from CA3 onto CA1 pyramidal cells via the Schaer collaterals is
enabled by active O-LM cells by disinhibition of feedforward inhibition, this way hippocam-
pal output can be controlled (Maccaferri and Dingledine, 2002; Le~ao et al., 2012).
Interneurons play an important role during oscillatory network activity. They are gen-
erally much more densely connected than pyramidal cells and more active and have thereby
a strong inuence on network activity. O-LM cells can discharge at the trough of theta-
oscillations in vivo (Klausberger et al., 2003; Varga et al., 2012; Katona et al., 2014) and
in vitro (Gloveli et al., 2005), which has led to the assumption that O-LM cells can act as
pacemakers in a theoretical model of hippocampal network oscillations (Tort et al., 2007).
However this view has been challenged by an in vitro study employing dynamic clamp
experiments, which suggests that O-LM cells can act as ampliers in the theta range and
exhibit locked spiking to theta-modulated input but do not act as resonators (Kispersky
et al., 2012). Furthermore it has been described that O-LM cells are enabled to follow
theta-modulated input by the activation of kainate receptors (Goldin et al., 2007), which
is in line with ndings that kainate receptor blockade interferes with theta oscillations in
vivo (Huxter et al., 2007).
Beside their role during theta oscillations, O-LM interneurons have also been shown to
be occasionally activated during SWRs: in awake head-xed mice running on a treadmill
(Varga et al., 2012) and in vitro (Pangalos et al., 2013). Spike timing was late during
SWRs and both during theta and SWRs, O-LM spiking lagged behind the activation of
fast spiking inhibitory basket cells (Varga et al., 2012). However, in awake behaving animals
ring rates decreased or were unaltered during SWRs as compared to baseline activity both
during wakefulness and sleep (Katona et al., 2014). In yet another study using urethane
anesthetized mice, O-LM interneuron ring residing in intermediate CA1 has been analyzed
with respect to dorsal and intermediate CA1 ripples (Forro et al., 2015). Here, almost all
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cells were activated compared to baseline ring rate, both with respect to intermediate as
well as dorsal CA1 ripples. These partially conicting results could be explained by the low
number of cells analyzed in some of the studies and also by the existence of two subgroups
of O-LM interneurons that might be dierently engaged during oscillations (Chittajallu
et al., 2013).

Chapter 2
Functional diversity of subicular
principal cells during hippocampal
ripples
2.1 Motivation and research goals
SWRs play an important role in the consolidation of memory in which specic activity
patterns or sequences are reactivated. During this consolidation phase the results of hip-
pocampal processing are believed to be transferred to cortical and subcortical regions for
long-term storage and to be integrated into other memory content previously encoded. One
of the major output structures of the hippocampus contributing to this distribution is the
subiculum. While pyramidal cell activation during SWRs has been extensively studied in
the CA1 region, it is unknown how subicular principal cells participate during SWRs1.
Furthermore the bursting and regular ring pyramidal cell phenotype in the subiculum has
been only described in vitro, and it is unclear whether these cell types can be identied in
vivo. In addition, the mechanisms underlying pyramidal cell participation in the subiculum
and the underlying excitatory and inhibitory currents remain to be determined. I have ad-
dressed these questions by combining eld potential and patch-clamp recordings in awake
mice and in acute brain slices. Furthermore we have investigated the local network topology
of the subiculum using multi-patch-clamp recordings in vitro.
2.2 Statement of contribution
I have substantially contributed to the concept and design of this study. The in vivo
experiments were established by myself with the help of James Poulet. The data for Figures
1In the original article as well as in the discussion in chapter 4, I often refer to `ripples' instead of SWRs,
as the detection of SWRs in vivo was based on the fast component only.
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1, 2, 3, 4, 5 (E,F) and 6 were entirely carried out by myself (all in vivo experiments and
the majority of the in vitro SWR experiments). I also developed the analysis routines
and performed the analysis for all in vivo experiments and some of the in vitro SWR
experiments. The data for Figure 5 G - J were carried out by myself and Nikolaus Maier
together. For the data displayed in Figure 7 I have prepared for almost all experiments
the brain slices and performed the histological analysis by confocal microscopy. The multi-
patch clamp recordings (Figure 7) were performed and analyzed by Yangfan Peng and
Jochen Winterer. The manuscript was written by myself, all other authors commented on
the manuscript.
2.3 Original research article
Claudia Bohm, Yangfan Peng, Nikolaus Maier, Jochen Winterer, James F.A. Poulet, Jorg
R.P. Geiger and Dietmar Schmitz. Functional Diversity of Subicular Principal Cells during
Hippocampal Ripples. The Journal of Neuroscience, 35(40):13608 |13618, Oct 2015
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Functional Diversity of Subicular Principal Cells during
Hippocampal Ripples
Claudia Bo¨hm,1 XYangfan Peng,2Nikolaus Maier,1 JochenWinterer,1 James F.A. Poulet,1,3,4 Jo¨rg R.P. Geiger,2,4
and Dietmar Schmitz1,3,4,5,6
1Neuroscience Research Center and 2Institute of Neurophysiology, Charite´ Universita¨tsmedizin Berlin, 10117 Berlin, Germany, 3Max-Delbru¨ck Center for
Molecular Medicine, 13092 Berlin, Germany, 4Cluster of Excellence NeuroCure, 10117 Berlin, Germany, 5Bernstein Center for Computational Neuroscience,
10115 Berlin, Germany, and 6Center for Neurodegenerative Diseases Berlin, 10117 Berlin, Germany
Cortical and hippocampal oscillations play a crucial role in the encoding, consolidation, and retrieval ofmemory. Sharp-wave associated
ripples have been shown to be necessary for the consolidation of memory. During consolidation, information is transferred from the
hippocampus to theneocortex.Oneof the structures at the interface betweenhippocampus andneocortex is the subiculum. It is therefore
well suited tomediate the transfer and distribution of information from the hippocampus to other areas. By juxtacellular andwhole-cell-
recordings in awakemice, we showhere that in the subiculuma subset of pyramidal cells is activated, whereas another subset is inhibited
during ripples. We demonstrate that these functionally different subgroups are predetermined by their cell subtype. Bursting cells are
selectively used to transmit information during ripples, whereas the firing probability in regular firing cells is reduced. With multiple
patch-clamprecordings in vitro, we show that the cell subtype-specific differences extend into the local network topology.This is reflected
in an asymmetric wiring scheme where bursting cells and regular firing cells are recurrently connected among themselves but connec-
tions between subtypes exclusively exist from regular to bursting cells. Furthermore, inhibitory connections are more numerous onto
regular firing cells than onto bursting cells. We conclude that the network topology contributes to the observed functional diversity of
subicular pyramidal cells during sharp-wave associated ripples.
Key words: connectivity; hippocampus; in vivo; multiple recordings; oscillation; subiculum
Introduction
The hippocampal formation exhibits robust networks oscilla-
tions, which are correlated to different behavioral states (O’Keefe
and Nadel, 1978). Sharp-wave associated ripples (SWRs) are ob-
served during slow-wave sleep, awake immobility, and consum-
matory behavior (O’Keefe andNadel, 1978; Buzsa´ki, 1986). They
are related to memory consolidation in rodents and primates
(Girardeau et al., 2009; Ego-Stengel andWilson, 2010; Logothetis
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Significance Statement
Memory consolidation is dependent on hippocampal activity patterns, so called hippocampal ripples. During these fast oscilla-
tions,memory traces are transferred from the hippocampus to the neocortex via the subiculum.We investigated the role of single
cells in the subiculumduring ripples and found that, dependent on their subtype, they are preferentially activated or inhibited. In
addition, these two subtypes, the bursting and regular firing type, are differentially integrated into the local network: inhibitory
cells are more densely connected to regular firing cells, and communication between regular and bursting cells is unidirectional.
Together with earlier findings on different preferential target regions of these subtypes, we conclude that memory traces are
guided to target regions of the activated cell type.
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et al., 2012; Jadhav et al., 2012; Inostroza and Born, 2013) and
occur temporally correlated in respective areas of the hippocam-
pal formation, including the subiculum (Chrobak and Buzsa´ki,
1994). Concomitantly, during SWR, subcortical areas involved in
sensory processing are silenced, thereby minimizing interference
in hippocampal-neocortical interaction and enabling an efficient
information transfer (Logothetis et al., 2012). These findings are
in line with the beneficial effect of slow-wave sleep in memory
consolidation (Marshall et al., 2006; Inostroza and Born, 2013;
Wilhelm et al., 2013). At the cellular level, the consolidation of
memory traces during SWR is thought to be based on the reacti-
vation of neuronal ensembles that have been activated during
exploration in a temporally compressed fashion (Lee andWilson,
2002; Davidson et al., 2009; Karlsson and Frank, 2009), thereby
stabilizing the synaptic connections between ensemble members
(Markram et al., 1997) not only within the hippocampus but also
in the cortex (Ji and Wilson, 2007; Mehta, 2007). One of the
major output areas of the hippocampus is the subiculum (Witter,
2006). It is densely innervated by the CA1 region of the hip-
pocampus in a series of nested loops (Amaral et al., 1991) and
sends projections to various cortical and subcortical structures in
a topographic fashion (Witter et al., 1990; Naber et al., 2000;
Witter, 2006). In contrast to CA1 pyramidal cells, subicular py-
ramidal cells exhibit a low degree of axonal collateralization and
projectmostly to only one target region (Naber andWitter, 1998;
Kim and Spruston, 2012). In vitro, two types of pyramidal cells
have been described in the subiculum: regular firing cells and
intrinsically bursting cells (for review, see Behr et al., 2009). These
cells have been shown to display different properties with respect
to pharmacological responsiveness, dendritic morphology, and
projection area (Kim and Spruston, 2012; Graves et al., 2012).
However, it remains unclear whether these subtypes are also
functionally diverse and whether this diversity is reflected in the
local network topology. To address these questions, we combined
single-cell in vivo electrophysiology during a defined behavioral
statewithmultiple simultaneous patch-clamp recordings in vitro.
This allowed us to reveal a pyramidal cell subtype-specific activa-
tion during SWR and a local synaptic circuitry that exhibits uni-
directional connectivity from regular to bursting cells as well as
an inhibitory circuitry that favors inhibition onto regular firing
cells.
Materials andMethods
Ethics statement
Animal maintenance and experiments were in accordance with the re-
spective guidelines of local authorities (Berlin state government,
T0100/03 and G0151/12) and followed the German animal welfare act
and the European Council Directive 2010/63/EU on protection of ani-
mals used for experimental and other scientific purposes.
Animal surgery and electrophysiology in vivo
All in vivo experimental procedures followed previously describedmeth-
ods (Crochet and Petersen, 2006; Maier et al., 2011). Male p24 to p33
C57BL/6Jmicewere anesthetized and implantedwith a lightweightmetal
head holder and a plastic recording chamber centered over the CA1-
subicular region. After surgery, animals were allowed to recover for at
least 1 d before habituation to head restraint started. Habituation was
repeated for several days until the animal sat calmly for a period of at least
1 h. On the day of the experiment, two small craniotomies for local field
potential (LFP) and single-cell recordings were made under isoflurane
anesthesia (1.5%). Animals were then allowed to recover for at least 2 h
before recordings started. Coordinates for craniotomies were deter-
mined stereotactically on the left hemisphere: for LFP recordings in distal
CA1, the glass pipette was inserted at 2.5mmposterior of bregma and 2.5
mm medial from the midline at an angle of 30 degree tilted from the
vertical. The patch electrode was inserted vertically 3 mm posterior of
bregma and 1.8–2 mm lateral of the midline. For LFP recordings, we
used glass pipettes (5–7 M) filled with Ringer’s solution containing the
following (in mM): 135 NaCl, 5 KCl, 5 HEPES, 1.8 CaCl2, and 1 MgCl2.
To determine the recording depth of the area of interest (i.e., CA1 stra-
tumpyramidale), the LFP electrodewas lowered until clear ripple activity
was observed, usually at 1100–1300 m. Then the second electrode was
inserted through the more posterior craniotomy, aimed to target the
subiculum. It was advanced until signal polarity of both electrodes was
equal and ripple activity could also be seen on the subiculumelectrode (at
1500m). Searching for cells began50mabove the so-determined
depth with a new pipette. For whole-cell and juxtacellular recordings,
5–7 M glass electrodes filled with intracellular solution containing the
following (in mM): 135 K-gluconate, 4 KCl, 4 MgATP, 10 Na2-
phosphocreatine, 0.3 Na3GTP, and 10 HEPES (pH adjusted to 7.3 with
KOH; 2 mg/ml biocytin).
No constant current injections were used. Membrane potentials are
not corrected for liquid junction potential. On average, the initial mem-
brane potential was59.8  0.7 mV (mean SEM, n  46 cells), and
the average spike height was 70.3 2.2 mV (mean SEM, n 46 cells)
as calculated at rheobase frombaseline voltage before current injection to
spike peak. Cells with an initial membrane potential positive to50 mV
were excluded. Recording positions in the subiculum were verified by
biocytin staining of the recorded cell, an electrode track, or traces of
ejected biocytin. All in vivo signals were amplified with a Multiclamp
700B (Molecular Devices), filtered at 10 kHz, and digitized at 20 kHz
(ITC-18; HEKA Elektronik). The reconstruction of the pyramidal cell
shown in Figure 3A was performed on a DAB staining of the biocytin-
filled neuron using the Neurolucida software (MicroBrightField).
Electrophysiology in vitro: slice preparation
Male C57BL/6N mice of age 3–6 weeks were decapitated following iso-
flurane anesthesia. Brains were transferred to ice-cold ACSF slicing solu-
tion containing (in mM) the following: 87 NaCl, 2.5 KCl, 3 MgCl2, 0.5
CaCl2, 25 glucose, 50 sucrose, 1.25 NaH2PO4, and 26 NaHCO3, pH 7.4.
Horizontal slices (400 m thick) of ventral to mid-hippocampus were
cut on a slicer (VT1200S; Leica) and stored in an interface chamber
(32°C–34°C) and perfused with standard ACSF containing (in mM) the
following: 119 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 10 glucose, 1.0
NaH2PO4, and 26 NaHCO3. The perfusion rate was 1 ml/min. All
ACSF was equilibrated with carbogen (95% O2, 5% CO2). Slices were
allowed to recover for at least 1 h after preparation. Minislices of the
subiculum were prepared from full slices and cut shortly after prepara-
tion on an agar block in oxygenized ACSF. A scalpel was used to separate
both: connections between CA1 and the subiculum, and between the
subiculum and the entorhinal cortex. After cutting, the slices were re-
transferred to the interface chamber and allowed to recover for at least
1 h. In some experiments, subiculum minislices were cut immediat-
ely before the experiments. Data obtained from either approach were
pooled.
Recordings of ripple-associated currents in vitro
As described previously (Maier et al., 2009), recordings were performed
in standard ACSF at 31°C–32°C in a submerged-type recording chamber
perfused at high rate (5–6ml/min). For LFP recordings, glass microelec-
trodes (tip diameter 5–10 m; resistance 0.2–0.3 M) were filled with
ACSF before use. Whole-cell recordings of subicular principal neurons
and interneurons were performed with glass electrodes (2–5 M) filled
with 120 mM K-gluconate, 10 mM HEPES, 3 mM Mg-ATP, 10 mM KCl, 5
mMEGTA, 2mMMgSO4, 0.3mMNa2-GTP, and 14mMphosphocreatine.
The pH was adjusted to 7.4 with KOH. Voltage-clamp recordings at the
reversal potential of excitation and inhibition were performed using in-
tracellular solution containing 120 mM gluconic acid, 10 mM HEPES, 5
mMEGTA, 10mMKCl, 2mMMgSO4, 1mMNa2-GTP, and 3MgATP. The
pHwas adjusted to 7.4 withCsOH.Using theMulticlamp 700A amplifier
(Molecular Devices), extracellular LFP signals were amplified 1000-fold,
and whole-cell data were amplified 5- and 25-fold for voltage-clamp and
current-clamp recordings. Signals were filtered (1–8 kHz) and digitized
at 10 or 20 kHz with 16-bit resolution (6036 E card; National Instruments);
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data were stored using Igor Pro (Wavemetrics). The parvalbumin-positive
interneuron shown in Figure 6Bwas reconstructed using the “Simple Neu-
rite Tracer” (Longair et al., 2011).
Connectivity
The slices were prepared as described above. To ensure comparable slice
condition and quality, we tested in each slice whether SWRs were gener-
ated and used only those slices in which this was the case. The tempera-
ture in the recording chamber was adjusted to 34°C. Cells in the
subiculum were identified using infrared differential contrast micros-
copy (BX51WI, Olympus) and selected within a distance of 50–100 m
from each other. In a subset of experiments, GAD67-GFP-expressing
mice were used to aid the identification of interneurons. We performed
somatic whole-cell patch-clamp recordings (pipette resistance 2.5–5
M) of up to eight cells simultaneously. Each of the simultaneously re-
corded cells was consecutively stimulated with a train of 4 action poten-
tials at 50Hz, elicited by 0.5- to 2-ms-long current injections of 2–3.5 nA.
For the characterization, increasing steps of current were injected (500
ms, increment: 40–50 pA). The restingmembrane potential of pyramidal
cells was62.7 0.25mV, that of fast-spiking interneurons64.4 1.3
mV, and that of non–fast-spiking interneurons 62.5  0.9 mV on
average. In a few experiments, hyperpolarizing holding current was ap-
plied to keep the membrane potential at 60 mV. The intracellular so-
lution contained 135 mM potassium gluconate, 6 mM KCl, 2 mM MgCl2,
0.2 mM EGTA, 5 mM Na2-phosphocreatine, 2 mM Na2-ATP, 0.5 mM
Na2-GTP, 10mMHEPES buffer, and 0.2%biocytin. The pHwas adjusted
to 7.20 with KOH. Recordings were performed using Multiclamp 700B
amplifiers (Molecular Devices). Signals were filtered at 6 kHz, sampled at
20 kHz, and digitized using theDigidata 1440 and pClamp 10 (Molecular
Devices).
Data analysis
Analysis of in vivo data. To detect ripples, the LFP signal was filtered with
a Butterworth bandpass filter at 100–220 Hz in forward and reverse
direction to prevent phase distortion. Any offset was corrected for by
subtracting themean. The absolute (i.e., rectified) value of the signal was
smoothed using a Savitzky–Golay filter with a spanning window of 300
data points. A first threshold for the length of candidate events was set to
2 SDs of the smoothed and rectified signal. Positive detected events had
to be above this threshold for a duration of at least 21 ms. In these
periods,maximawere detected that had to pass the criterion of 4.5 SDs of
the filtered but not smoothed signal (detection is more adequate in the
unflattened signal). In addition, a criterion for the minimum distance
between the peaks of two events was used (40 ms). In case of failure of
this criterion, the ripple with the smaller peak was discarded. The so-
determined peaks of the ripples were used for alignment both of the LFP
signal and the simultaneous single-cell recordings.
Spikes in whole-cell current-clamp recordings were detected with a
thresholding algorithm on the ascending flank at20mV, and the max-
imum in the following 2.5 ms was considered the peak. The signal had to
fall below the threshold again, before a new spike was considered, which
was relevant for spike detection in bursts. For spike detection in juxta-
cellular recordings, a similar algorithmwas used where the threshold was
set individually in each recording according to spike height. Cells with a
peak to through width shorter than 0.4ms were excluded as presumptive
interneurons.
To generate the surrogate data for each cell, the number of ripples n
observed in the data was determined. Then, n random time points were
generated in ripple-free periods, and time windows of the same length as
used to determine the spike count during ripples (40 ms) were used to
A B C
D1
D2
E1
E2
Figure 1. Subicular neurons are differentially modulated during ripples in awake mice. A, Recording configuration. B, Example ripple in simultaneous LFP recordings in area CA1 (gray) and the
subiculum (green) during quiet wakefulness. Left, 0–10 kHz. Right, Same as left but bandpass filtered between 100 and 220 Hz. C, Power spectral density of the ripple peak-aligned averages from
35 LFP recordings. Gray lines indicate SEM. D, E, Juxtacellular recordings in the subiculum with opposing spike modulation during CA1 ripples (D and E represent one cell each). Zooms of
the shaded areas are shown to the right. D1, E1, Top, Average of 5 ripples (LFP) aligned to the peak of the oscillation. Bottom, Overlay of corresponding juxtacellular recording. D2, E2, Top, Mean
ripple LFP aligned to the peak of the oscillation.Middle, Raster plot of corresponding spikes. Each dot represents a spike. Each row represents all spikes that occurwithin 1 s (100ms in zoom) around
a ripple with its peak aligned to time point 0. Bottom, Histograms of the above raster plot; time bins, 20 ms.
13610 • J. Neurosci., October 7, 2015 • 35(40):13608–13618 Bo¨hm et al. • Functional Diversity of Subicular Pyramidal Cells
calculate the spike count in ripple-free periods. This procedure was re-
peated 1000 times. For each set of surrogate “ripples,” the mean count
was calculated and the distribution thereof was compared with the mean
of the real observed count during ripples. If the probability to observe this
real count in the surrogate data was 5%, we considered the cell to be
modulated by ripple activity. A similar method was used previously to
estimate the modulation of interneuron spiking during ripples (Katona
et al., 2014).
To determine whether a cell was depolarized or hyperpolarized during
ripples, spikeswere cut, and the averagedmembrane potential before and
after the ripple (80 ms to40 and 40 to 80 ms) was used as a baseline,
and the deviation of the average membrane potential during the peak of
the ripple (20 to 20 ms) was used to measure the modulation. When
spikes were cut out in whole-cell current-clamp recordings, all data
points between 3ms before the peak and 5ms after the peak were deleted
and replaced by linear interpolation. For cell classification in whole-cell
current-clamp recordings, we considered only the spike pattern at rheo-
base in response to depolarizing pulses in the beginning of the recording,
when the network was still mostly silenced. Cells where this was not
unambiguously possible, due to high spontaneous network activity (pre-
sumably because the time to seal and open the cell were in these cases long
enough for the network to recover), are not included in any analysis that
requires this classification (see Fig. 4C,D). In total, we recorded 46 cells
in whole-cell current-clamp mode: 10 cells could be classified as reg-
ular firing cells, 25 as bursting cells, and 11 could not be identified
unambiguously.
The “ongoing network activity” (see Fig. 4B) refers to periods later on
during the recordings, when the network expresses stable activity levels,
including periodswith andwithout ripples. A burst was defined as at least
3 spikes with an interspike interval of 8 ms, a spike was considered
A B C
D E F
Figure2. Analysis of juxtacellular recordings.A–C, One cell each.A shows the analysis for the cell in Figure 1D andB for the cell in Figure 1E. Red/blue/green lines indicate cumulative distribution
of spike counts observed during ripple events (40 ms around the ripple peak). Gray represents the same number and length of time windows were randomly chosen in ripple-free periods and the
cumulative distribution of the spike countwas plotted. This procedurewas repeated 1000 times. Insets in gray, Distribution of themean firing rate of each set of surrogate “ripples.” Dashed colored
lines indicate themean spike count during ripples. The shift of the red line to the right in the cell in A indicates a higher spike count than expected from choosing random timewindows of the same
size. The shift to the left (blue) in the cell displayed inB indicates a decrease in firing rate during ripples.C, The green line iswithin the expected range from the randomly generated dataset; this cell’s
discharge rate is not modulated by ripples. Insets, Gray dotted lines indicate that the corresponding spike count on the x-axis occurs in5% of the cases when choosing random timewindows.D,
Distributionof spike ratemodulation. The spike ratemodulationwasassessedas the ratio of the firing rateduring ripples and theoverall firing rate (averageover thewholedurationof the recording).
The bins from0 to 1 (decrease in spike rate) have 0.1width (i.e., the first bin contain cells withmodulation between 0 and 0.1), whereas the bins for increased spike rate (spike ratemodulation1)
have 0.2 width (i.e., the first bin contains cells with modulation between 1 and 1.2). For better visualization on log scale, the bar width does not represent bin width; bars are centered on the
corresponding bin. Colored arrows indicate the bins containing the example cells (A–C). Inset, Fraction of cells that display different types ofmodulation during ripples. E, Comparison of spike rates
before ripples and during ripples. Inset, Timewindows used for analysis with respect to LFP. Colored arrows indicate the example cells (A–C). F, The burst index (number of spikes in bursts/number
of remaining spikes, both calculated from the whole recording duration) is correlated with the spike rate modulation (spike rate during ripples/overall spike rate). Filled circles represent the bins
containing the example cells (A–C). r, correlation coefficient. D–F, Blue represents cells with a significant decrease in spiking. Red represents cells with a significant increase in spiking. Green
represents cells without significant modulation. p 0.05 (as determined by comparison with the surrogate datasets).
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a member of a burst if a preceding or following
spike was within 8 ms, meaning that also the
last and first spike of a burst were considered
members of the burst. The burst index was de-
fined as the number of spikes in bursts divided
by the number of remaining spikes (single
spikes and doublets). For statistical compari-
son, the Mann–Whitney or the Wilcoxon
signed-rank test was used. To test for normal
distribution, the Lilliefors test was used.
Analysis of in vitro data. LFP SWRs recorded
in area CA1 or in minislices of the subiculum
were detected using a threshold-based algo-
rithm. From simultaneously sampled voltage-
clamp data, 200 ms stretches of signal of SWR-
associated postsynaptic currents were cut after
alignment to the peak of the averaged postsyn-
aptic currents of the respective recording; the
postsynaptic current stretches were baseline-
corrected by subtracting the mean of the first
75 ms in each window. For estimation of syn-
aptic input during SWRs the total charge trans-
fer was calculated by trapezoidal integration
over the windows of data (trapz function in
MATLAB, TheMathWorks). Themean charge
transfer values were calculated for each cell for
comparison of synaptic input in regular and
burst firing neurons. For statistical comparison
of charge transfer and the ratio of excitatory
and inhibitory charge transfer, the Mann–
Whitney test or Student’s t test was used, as
indicated.
Analysis of connectivity data. Cell subtypes
were differentiated by monitoring the firing
pattern at rheobase. Synaptic connections were
identified when there was a postsynaptic po-
tential corresponding to the presynaptic stim-
ulation in the averaged trace from 40 to 50
sweeps. The 150 ms baseline just before the
stimulation and the postsynaptic peak during
the first action potential were used for the anal-
ysis of the EPSP/IPSP amplitudes with pClamp
10 (Molecular Devices). Only those pairs in
which the first postsynaptic peak was clearly
discernible were used for analysis of the ampli-
tude. Postsynaptic potentials were clearly dis-
cernible from electrical crosstalk between electrodes by their relative
timing, kinetics, and amplitudes. We used the Fisher’s exact test for
statistical comparison of the connection probabilities. The statistical sig-
nificance of postsynaptic amplitudes was calculated using the Mann–
Whitney test.
Results
Pyramidal cells in the subiculum are functionally diverse
in vivo
LFP and simultaneous single-cell recordings were performed in
awake head-fixed mice. The animals were habituated to the head
fixation for a few days until they sat calmly for at least 1 h. During
the recordings, the animals were alert, they whisked, their eyes
were always open, and they weremostly still during the recording
(Crochet and Petersen, 2006). Ripples were recorded in the CA1
region of the hippocampus; they appeared as short (50–100 ms)
aperiodic, recurrent events, and displayed a frequency peak at
120–150 Hz (Chrobak and Buzsa´ki, 1996) (Fig. 1A–C). With an
additional electrode placed in the subiculum, we confirmed that
ripples in CA1 and the subiculum occurred temporally coupled
in our recording conditions (Chrobak and Buzsa´ki, 1994) (Fig.
1B). In the juxtacellular recording configuration, we then re-
corded from putative pyramidal cells (for details, see Materials
andMethods) in the subiculum and correlated their activity with
ripples in area CA1: we aligned the juxtacellular recording to the
peak of the corresponding ripple oscillation to visualize any
changes in discharge rate (Fig. 1D,E).We found cells inwhich the
discharge rate increased during ripples, cells in which the dis-
charge rate decreased, and cells inwhich it seemedunchanged. To
quantify these opposing types of spike rate modulation, we gen-
erated for each cell a surrogate dataset, consisting of the spike
counts in random timewindows in ripple-free periods, and com-
pared those with the spike count observed during ripples (for
details, see Materials and Methods). A right shift in the observed
cumulative distribution of the spike count (Fig. 2A, red line, cor-
responds to the cell shown in Fig. 1D) compared with the surro-
gate data (gray line(s)) indicates an increase in spike count and a
left shift indicates a decrease (Fig. 2B, blue line, corresponds to
the cell shown in Fig. 1E). Our analysis revealed indeed two sub-
sets of cells that were opposingly modulated: some cells elicited
more spikes and some cells elicited less spikes than expected from
the surrogate dataset (n 23, n 13, respectively). Twelve cells
A D
B
C
Figure 3. Pyramidal cells in the subiculum display depolarization or hyperpolarization during ripples. A, Left, Coronal slice.
Green represents the subiculum(adapted fromPaxinosandFranklin, 2012). Right,Morphological reconstructionof apyramidal cell
in the subiculum recorded in vivo. Right, Bottom, Micrograph of the indicated area shows the stained cell in tissue. B, Examples of
whole-cell current-clamp recordings. Left and right columns represent one cell each. Top, Overlay of membrane potential traces
aligned to the corresponding ripple peak of the LFP (left, 40 traces; right, 92 traces). Bottom, Mean ripple LFP. C, Top, Averages of
themembrane potential with spikes cut. Bottom,Mean histogram of spike rate of the traces inB; time bins, 10ms.D, Distribution
of averagemembranepotentialmodulationof all cells recorded. Theexample cells shown inBandCare indicatedby coloredboxes.
13612 • J. Neurosci., October 7, 2015 • 35(40):13608–13618 Bo¨hm et al. • Functional Diversity of Subicular Pyramidal Cells
were not significantly modulated during ripples. In these cells,
the spike rate observed was within the distribution of the ran-
domly generated datasets (an example is shown in Fig. 2C). A
summary of the spike rate modulation of all cells recorded is
shown in Figure 2D, and a comparison of the spike rates before
and during the ripple is shown in Figure 2E. The mean overall
firing rate across all cells was 7.9 0.9 Hz and was similar in cells
that were activated and cells that were silenced or not modulated
during ripples (7.1  1.1 Hz, activated, n  23; 9.8  2.1 Hz,
silenced, n 13; 7.4 0.6 Hz, not modulated, n 12; mean
SEM). The overall firing rate found here is in line with previous
studies (Kim et al., 2012; Jackson et al., 2014) and is substantially
higher than in other hippocampal or parahippocampal regions,
such as the dentate gyrus, CA3, CA1, and entorhinal cortex (Miz-
useki and Buzsa´ki, 2013). Furthermore, we analyzed the temporal
structure of spiking as the ratio of numberof spikes inbursts divided
by the number of remaining spikes (burst index). The burst index,
also in periods without ripples, was corre-
lated with the spike rate modulation ob-
served during ripples, pointing toward
intrinsic differences in these cells (Fig. 2F;
correlation coefficient r 0.41, p 0.004).
To further investigate the ripple-
associated modulation of discharge in
subicular pyramidal cells, we perfor-
med whole-cell current-clamp record-
ings. These recordings were done under
the same conditions as the juxtacellular
recordings (i.e., in awake head-fixed
mice). Similar to the procedure for the
juxtacellular recordings, we aligned the
membrane potential to the peak of
the ripple oscillation. We found a subset
of cells that displayed on average a depo-
larization during ripples, often followed
by a hyperpolarization (Fig. 3B,C, left col-
umn). In a second subset of cells, we ob-
served a hyperpolarization during the
peak of the ripple oscillation (Fig. 3B,C,
right column). To assess the membrane
potential modulation during ripples, we
subtracted the average of the membrane
potential before and after the ripple peak
(80 to40ms and 40 to 80ms) for each
cell from the average membrane potential
during the ripple (20 to 20 ms). The
membrane potential modulation ranged
from a clear depolarization to a clear hy-
perpolarization, whereas some cells were
not clearly modulated (i.e., a membrane
potentialmodulation close to zero, n 46
cells in total; Fig. 3D). Those depolariza-
tions or hyperpolarizations were accom-
panied by an increase or decrease of
spiking, respectively (Fig. 3C). The mem-
brane potentialmodulation did not corre-
late with the initial membrane potential
(i.e., themembrane potential registered at
opening of the cell) (r  0.08, data not
shown).
In addition to the possibility to moni-
tor changes in membrane potential,
whole-cell current-clamp recordings also
allow for characterizing the firing pattern in response to step
current pulses as routinely done in recordings in vitro. Subicular
pyramidal cells in vitro exhibit either intrinsic bursting or regular
spiking uponmoderate depolarization (Taube, 1993). Therefore,
we asked whether a similar distinction was present in vivo, and, if
it was present, whether these distinct cell subtypes were consis-
tent with the differentialmembrane potentialmodulation during
ripples. To this end, we investigated the firing pattern in response
to step current injections. Indeed, we observed differences in the
responses of neurons due to 500 ms step current injections: at
rheobase, we observed either one or several bursts of action po-
tentials at the beginning of the step current pulse or we observed
amore regular firing pattern consisting of single action potentials
(Fig. 4A; in the following called bursting and regular firing cells,
for details, seeMaterials andMethods). In linewith their intrinsic
discharge pattern, these cells also exhibited different firing pat-
terns during ongoing spontaneous network activity, including
A
B
C D
Figure 4. Subicular cell subtype predicts modulation during ripples in vivo. A, Firing pattern in response to 500ms step current
pulse in aburst (red) anda regular firing cell (blue).B, Ongoingnetwork activity of the cells displayed inA. Black dots indicate peaks
of spikes. Top, 1/interspike interval (gray dots). C, Distribution of membrane potential modulation in bursting (red) and regular
(blue) firing cells. Cell subtype classification is solely based on the firing pattern at rheobase in response to step current pulses (for
details, seeMaterials andMethods). Themeanmembrane potentialmodulation is significantly different from that of regular firing
cells. ***p 0.001 (Mann–Whitney test).D, Time course of spike rate around the ripple peak. The average spike rate for each cell
was normalized to its overall firing rate and the result averaged across all cells of bursting (red) or regular (blue) firing type,
respectively. Time bins, 20ms. Error bars indicate SEM across cells. Significance was assessed as paired comparison of the average
(not normalized) spike rate in the indicatedbins before andduring the ripple for all bursting cells (red asterisk) and all regular firing
cells (blue asterisks). *p 0.05 (Wilcoxon signed-rank test). **p 0.01 (Wilcoxon signed-rank test).
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periods outside of ripples: bursting cells
fired often several closely timed action po-
tentials and only few single spikes (Fig.
4B); hence, the burst index was higher in
bursting and lower in regular firing cells
(0.98 0.34, bursting cells,n 25; 0.15
0.04, regular firing cells, n  9; one cell
was excluded from this analysis as it was
entirely silent, during ongoing network
activity, mean  SEM, Mann–Whitney
test, p  0.003). Next, we asked whether
the intrinsic discharge properties in re-
sponse to step current pulses correlate
with the differential modulation of the
membrane potential and the differential
discharge modulation during ripples. In-
deed, the membrane potential modula-
tion was negative for all regular firing cells
(n 10) and positive for most (20 of 25)
bursting cells (Fig. 4C; i.e., all cells dis-
playing a depolarization were burst firing
cells, membrane potential modulation in
bursting vs regular firing cells: p 0.001,
Mann–Whitney test). The maximum de-
polarization of bursting cells was on aver-
age 6  4 ms before the ripple peak, and
theminimummembrane potential in reg-
ular firing cells was on average 10.7 4.0
ms after the ripple peak. Furthermore, the
average spike rate decreased around the
peak of the ripple for regular firing cells
and increased for burst firing cells (Fig.
4D). These data confirm and extend our
results from the juxtacellular recordings:
juxtacellularly recorded cells with a
decrease in spike rate during ripples likely
correspond with regular firing cells and
cells with an increase in spike rate corre-
spond with the bursting phenotype of
cells. This correspondence is also in line
with a positive correlation of burst index
and spike rate modulation in the juxtacel-
lular recordings (Fig. 2F). Additionally,
using a network-independent parameter
for classification by depolarizing step cur-
rent injections, we found in whole-cell re-
cordings a higher burst index for bursting
cells than for regular firing cells. Together,
these experiments show that the burst fir-
ing subtype correlates with increased ac-
tivity, whereas the regular firing subtype
with decreased activity during ripples.
Hence, we conclude that bursting and reg-
ular firing cells can act as functional dis-
tinct entities during ripples.
Mechanisms of functional diversity assessed in vitro
To disentangle whether the origin of this differential activation is
intrinsic to the subiculumor governed by extrinsic (hippocampal
or cortical) sources, we made use of an in vitromodel of SWR in
acute hippocampal slices (Ha´jos et al., 2009; Maier et al., 2009).
We recorded the LFP SWR in area CA1 and postsynaptic currents
in bursting and regular firing neurons in the subiculum (Fig. 5A).
Regular firing cells received primarily outward currents, whereas
bursting cells received net inward currents during SWR (charge
transfer in regular firing cells: 1.8 0.9 pC, n 7, bursting cells:
1.1 0.4 pC, n 8, p 0.02,Mann–Whitney test; Fig. 5B–D).
To determine whether this difference in net currents arises from
systematic differences of excitatory or inhibitory synaptic inputs
or both, we performed voltage-clamp recordings at the reversal
potentials of excitation and inhibition (65 mV and 6 mV, for
AMPA receptor- and GABAA receptor-mediated currents, re-
A B
C
D
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Figure5. Burstingand regular firing cells aredifferentially engaged inSWRs in vitro.A, Top, Recording configuration: LFP inCA1
and simultaneous voltage-clamp recording in subicular cells. Bottom, Average power spectral density (PSD) of the data displayed
in B (left, middle). B, Top, Discharge patterns of a bursting (red) and a regular spiking cell (blue). Middle, Field potential SWR
recorded in CA1 with associated synaptic currents (bottom). C, Averages (aligned to the ripple peak) of 20 CA1 ripples (filtered,
120–300 Hz) and their postsynaptic currents (cells as in B). D, Left, Mean charge transfer values for regular and bursting neurons
(n 7 and n 8; p 0.02). E, Field potential SWR recorded in CA1with associated synaptic currents recorded at 6mV and65
mV using cesium-based intracellular solution in a bursting (red) and a regular firing cell (blue). Right, Summary of inhibitory and
excitatory charge transfer in regular and bursting cells (n 10 and n 8). F, Ratios of averaged excitatory/inhibitory charge
transfer for bursting and regular firing cells (n 10 and n 8; p 0.006). G, Recording configuration and PSD.H, I, Same as in
B, C, but for subiculum minislice recordings. J, Mean charge transfer values for regular and bursting neurons (n 7 each; p
0.0007). Arrows indicate example traces.
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spectively; Fig. 5E). Cells were briefly characterized by step cur-
rent injection using potassium gluconate intracellular solution;
hereafter, the patch pipette was gently withdrawn, and the same
cell was repatched with cesium based intracellular solution to
allow for improved voltage clamp and for clamping cells at pos-
itive potentials, which is a requirement to record at the reversal
potential of AMPA receptors. Excitatory currents during SWR
were comparable in regular (4.0  0.8 pC, n  8) and burst
firing cells (2.6 0.6 pC, p 0.18, n 10, unpaired Student’s
t test). In contrast, we found that inhibitory currents associated
with SWR were significantly larger in regular compared with
burst firing cells (charge transfer: 39.6 8.1 pC in regular firing
cells vs 14.2  3.9 pC in burst firing cells, p  0.008, unpaired
Student’s t test; Fig. 5E, right). Accordingly, the ratio between the
absolute value of excitation and inhibition was also significantly
different in both subgroups of cells (Fig. 5F; 0.11 0.01 in regular
firing cells vs 0.21  0.03 in bursting cells, p  0.006, Mann–
Whitney test). Based on these findings, we conclude that the
differential recruitment of bursting and regular firing cells during
SWR arises mainly from a difference in the strength of synaptic
inhibition onto those two subtypes. These data confirm and com-
plement our in vivo results and demonstrate that, in the absence
of cortical inputs, hippocampal signaling onto the subiculum is
sufficient to differentially recruit subicular principal neurons. To
probe whether this differential activation is inherited from the
hippocampus or can be internally generated within the subicu-
lum, we prepared minislices that only contained the subicular
area (see Materials and Methods). Subicular minislice LFP re-
cordings revealed spontaneous network oscillations in the ripple
frequency range (Fig. 5G). Although the incidence was decreased
in minislices compared with complete slices (0.43  0.1 event/s
in complete slices vs 0.15 0.0 events/s in minislices), the oscil-
lation frequency was largely similar (205  6 Hz in complete
slices vs 220 7 Hz in minislices). In voltage-clamp recordings,
we found that regular firing cells primarily received net inhibitory
currents during SWR, whereas in bursting cells net inputs were
less positive or even negative, similar to recordings in whole slice
conditions (charge transfer in regular firing cells: 7.2  1.7 pC,
n 7, bursting cells: 0.2 1.2 pC, n 7,
p 0.0007,Mann–Whitney test; Fig. 5H–
J). Hence, the differential recruitment of
subicular principal cells appears to arise
from within the subicular network and is
likely to be mediated by a differential
SWR-associated inhibitory signaling onto
burst versus regular firing cells.
Therefore, we next investigated in
complete slices the recruitment of one
major class of inhibitory interneurons, the
parvalbumin-expressing fast-spiking in-
terneurons, during SWR (Fig. 6A,B).
Voltage-clamp recordings revealed strong
excitatory input during SWR onto these
cells, charge transfer:11.03 3.9 pC on
average (n  9). In line with this, most
cells elicited spontaneous spikes during
SWR (8 of 10 cells; Fig. 6C,D,E). The frac-
tion of events per cell in which spikes were
evoked was on average 0.56  0.14 (n 
10). We conclude that fast-spiking in-
terneurons are a likely source of the inhib-
itory currents observed in pyramidal cells
during SWR and might contribute to the
differentialmodulation of bursting and regular firing cells during
SWR.
To test whether the functional differences we found during
SWR in vivo and in vitro are reflected in the local network topol-
ogy, we established multiple simultaneous recordings of pyrami-
dal cells and interneurons (Fig. 7A). We performed up to eight
parallel recordings of subicular pyramidal neurons and interneu-
rons and tested their synaptic connection probability as well as
their transmission properties. In total, we recorded 245 regular
spiking pyramidal cells, 200 bursting cells, and 149 interneurons,
of which 85 were fast-spiking interneurons. We elicited four ac-
tion potentials at 50Hz in the presynaptic cell, which led to EPSPs
or IPSPs in the postsynaptic cell if they were connected (Fig.
7B,C). Among bursting neurons, we found a connection proba-
bility of 3.7% (15 of 408), similar to that among regular firing
cells: 4.7% (28 of 592), whereas the projections from regular onto
bursting cells were more numerous, 7.3% (13 of 179). In stark
contrast, we found no connection in the opposite direction (0 of
181; Fig. 7E, left). In addition, we analyzed the amplitudes of the
EPSP evoked from the first action potential in connected pairs. In
some connected pairs, a clear EPSP was only discernible after
more than one action potential and is therefore not included in
the analysis. The amplitudes of EPSPs from the first action po-
tential were larger in regular to burst firing cell connections
(0.5 0.2mV, n 10) compared with connections among burst
firing cells (0.1 0.0mV, n 14, p 0.05,Mann–Whitney test).
The amplitude among regular firing cells was 0.3 0.1 mV (n
23; Fig. 7F, left). Together, these data show that the local excit-
atory wiring of the subiculum is not random but is ruled by
subtype-specific connection probabilities.
As a pyramidal cell subtype-specific inhibitory wiring scheme
might contribute to the differentmodulation of burst and regular
firing cells during SWR, we next investigated connection proba-
bilities among interneurons and pyramidal cells. Indeed, we
found that the inhibitory connections onto regular firing cells
were more numerous than onto bursting cells (35%, 81 of 229
interneuron to bursting cells vs 46%, 95 of 208 interneuron to
regular firing cells, p  0.03, Fisher’s exact test; Fig. 7E). The
A
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Figure 6. Fast-spiking interneurons are activated during SWR in vitro. A, Firing pattern of a fast-spiking interneuron. B, Left,
Reconstruction of this cell. Black: dendrite; red: axon. Right, The cell was stainedwith biocytin and expressed parvalbumin. C, Top,
LFP recorded in CA1. Bottom, Simultaneous current-clamp recording of the cell shown in A and B. D, Left, Top, Averaged and
aligned ripple oscillation. Bottom, Overlay of SWR-aligned current-clamp recording of this cell. E, Fraction of SWR events in which
spikes were emitted for all fast-spiking interneurons (n  10); overlapping data points are horizontally shifted for better
visualization.
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Figure7. Subtype-specific connection probability and synaptic strength.A, Biocytin staining of six cells recorded simultaneously (top). UsingGAD67-eGFP transgenicmice (bottom, interneurons
in green), two interneurons (bottom, orange arrowheads) and four pyramidal cellswere identified.B, Recorded traces in current-clampmode. The firing pattern at rheobase is used for cell (sub)type
classification (left). Blue represents regular firing pyramidal cells. Yellow represents interneurons. Red represents bursting pyramidal cells. Each neuron is consecutively stimulated with 4 action
potentials (gray boxes). The postsynaptic responses are shown in the same column. Calibration: horizontal, 250 ms; vertical: 2 mV;	, 4 mV;		, 8 mV, 50 mV for action potentials. C, Example
traces of excitatory connections between pyramidal cells. Left, Firing patterns. Calibration: horizontal, 250 ms, 200 ms for firing pattern; vertical, 0.5 mV, 50 mV for action potentials. Because of
close positioning of the patch pipettes, stimulation artifacts are sometimes registered on other channels. D, Scheme of the subtype-specific connection (Figure legend continues.)
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amplitude of interneuron to regular firing pyramidal cell connec-
tions was 0.5  0.1 mV (n  79), and the amplitude of in-
terneuron to bursting pyramidal cells was 0.6  0.1 mV
(n  77) (Figure 7F, right). Furthermore, inhibitory interneu-
rons receivedmore connections from regular firing cells (26%, 53
of 208) than from burst firing cells (11%, 24 of 229, p  0.001,
Fisher’s exact test; Fig. 7E). The postsynaptic amplitudes from
regular firing and burst firing cells onto interneurons were simi-
lar (1.7 0.3 mV, n 53, vs 0.8 0.2 mV, n 23, respectively,
p  0.081, Mann–Whitney test; Figure 7F). As the inhibitory
input during SWR is likely to stem from fast-spiking interneu-
rons, we analyzed the connection probability of subicular pyra-
midal cells and fast-spiking interneurons separately. Indeed, we
found that fast-spiking interneurons project more often onto
regular firing cells (55%, 67 of 121) than onto bursting cells (43%,
57 of 134, p 0.045, Fisher’s exact test; Fig. 7E). The postsynaptic
amplitudes from fast-spiking interneurons to regular firing cells
was0.6 0.1 mV (n 55) and to burst firing cells0.6 0.1
mV (n  53) (p  0.117, Mann–Whitney test; Figure 7F). A
summary of the connection probabilities is shown in Figure 7D.
These data suggest that the functional diversity of burst and reg-
ular firing pyramidal cells might be enabled by the subtype-
specific local network topology.
Discussion
Using whole-cell patch-clamp recordings, we have shown here
that bursting and regular firing cells in the subiculumare discern-
ible in vivo. Further, we show that these two pyramidal cell sub-
populations exhibit a functional difference: burst firing cells are
activated, whereas the firing probability of regular firing cells is
reduced during ripples. In line with this, we found that, in SWR-
associated synaptic inputs, the ratio of excitation to inhibition is
larger for bursting than for regular firing cells. Whereas it has
been shown that the strength of pyramidal cell activation in CA1
can vary depending on their anatomical position within the py-
ramidal cell layer (Mizuseki et al., 2011), we show here that in the
subiculum only a subset of cells, the bursting cells, are activated
while another subset is inhibited (Eller et al., 2015). Because
SWRs have been shown to be important for learning of spatial
memory tasks, and only the burst firing cells are activated during
SWR, it is likely that this population of cells transmits mostly
spatial information, whereas regular firing cells might contribute
to the transmission of nonspatial contents. Moreover, consider-
ing the different preferential extrahippocampal target areas of
burst and regular firing cells (Kim and Spruston, 2012), we as-
sume that mainly target regions of the burst firing cells receive
excitatory input from the subiculum during SWR. Indeed, neu-
ronal activity that is temporally locked to hippocampal sharp
waves could be shown in both the medial entorhinal cortex
(Chrobak and Buzsa´ki, 1994; Wu et al., 2006) and the presubic-
ulum (Chrobak and Buzsa´ki, 1994), which are target areas of
burst firing cells (Kim and Spruston, 2012). It is tempting to
speculate that there is no or less SWR-associated input to the
lateral entorhinal cortex, a target area mostly innervated by reg-
ular firing cells. This would imply a pivotal role of the subiculum
in separating information streams and distributing this informa-
tion to cortical targets. Furthermore, recent studies demon-
strated that the canonical flow of information from CA3 via CA1
to the subiculum can be reversed during theta oscillations in
intact hippocampal preparations as well as in vivo (Jackson et al.,
2014) and that the subiculum might receive input from entorhi-
nal cortex during SWR (Norimoto et al., 2013). Together with
anatomical data, the influence of the subiculum on “upstream”
target regions is likely to be stronger than previously anticipated
(Sun et al., 2014).
Our analysis of the neuronal network topology revealed that
the subtype-specific functional differences observed during SWR
are also reflected in the local network wiring: the subiculum ex-
hibits an excitatory network with unidirectional connectivity be-
tween regular and bursting cells. A local network topology that is
determined by long-range projection targets has been described
recently in the cortex. Principal cells that either project to the
same target region or to different target regions can be preferen-
tially connected (Morishima and Kawaguchi, 2006; Brown and
Hestrin, 2009; Morishima et al., 2011). Here, we find that princi-
pal cells that project to the same target regions are connected
among themselves; in addition, there is exclusive unidirectional
connectivity fromone group of principal cells, regular firing cells,
to the other, burst firing cells, but not vice versa. This shows that
functional specialization and long-range targets are closely linked
to local network topology.
Our findings from the minislice experiments suggest that the
local network of the subiculum is able to generate the subtype-
specific modulation by itself. Furthermore, we show here that
burst firing cells are preferentially activated and that there is a
high connection probability between regular and bursting cells.
However, it seems unlikely that the strong unidirectional regular
to burst firing connection can explain the preferential activation
during ripples because we do not have evidence for activation of
regular firing cells during ripples. Nevertheless, we cannot ex-
clude the possibility that a fraction of regular firing cells is acti-
vated and might aid the initiation of ripple events. Our data
suggest that regular firing cells receive stronger inhibitory inputs
during SWR than burst firing pyramidal cells. Bymultiple patch-
clamp recordings, we could further show that the local subicular
network favors inhibition onto regular firing cells. These findings
are in contrast to the previously described homogeneous inhibi-
tory innervation found inneocortex (Packer andYuste, 2011) but
in line with the subtype-specific innervation described for ento-
rhinal cortex (Varga et al., 2010), CA1 (Lee et al., 2014), and the
striatum (Gittis et al., 2010). For the subiculum, this subtype
specificity of inhibitory connections is likely to endow functional
preference of burst and regular firing cells during ripples.
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Chapter 3
Serotonin attenuates feedback
excitation onto O-LM interneurons
3.1 Motivation and research goals
The raphe nuclei send serotonergic projections to numerous target regions, and serotonin is
thereby capable of inuencing synaptic transmission all over the brain. The hippocampus is
implicated in many important brain functions such as memory formation and consolidation.
Hippocampal function is dependent both on internal processing and on interaction with
cortical structures providing input to the hippocampus, such as the entorhinal cortex. O-
LM interneurons of the CA1 region are involved in controlling intrahippocampal input onto
CA1 pyramidal cells as well as external input from the entorhinal cortex. To gain insights
into the rules governing internal and external input onto CA1 pyramidal cells it is therefore
important to investigate what sources modulate O-LM interneuron activity. Serotonin has
been shown to modulate pyramidal cells and other types of interneurons, but as yet it
was unknown if and how serotonin inuences O-LM interneuron activity. The goal of this
study was therefore to illuminate the role of serotonin in the modulation of glutamatergic
transmission onto this cell type. I used patch-clamp recordings in acute hippocampal slices
as well as calcium imaging to investigate these questions.
3.2 Statement of contribution
I have contributed in part to the design and concept of this study. The data for Figure 1,
2 (A,B), 4 (A,B), 6 and 7 were fully acquired and analyzed by myself. The data for Figure
5 and 2C were acquired by Maria Pangalos, Jochen Winterer and myself and analyzed by
myself. Maria Pangalos and myself acquired the data for Figure 2D together and I have
analyzed them. Jochen Winterer performed the paired recordings displayed in Figure 3
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and Figure 4C. The manuscript was written by Jochen Winterer and myself and all other
authors commented on the manuscript.
3.3 Original research article
Claudia Bohm, Maria Pangalos, Jochen Winterer and Dietmar Schmitz. Serotonin Atten-
uates Feedback Excitation onto O-LM Interneurons. Cerebral Cortex, 25(11):4572{4583,
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Abstract
The serotonergic system is a subcortical neuromodulatory center that controls cortical information processing in a state-
dependentmanner. In the hippocampus, serotonin (5-HT) is released by ascending serotonergic fibers from themidbrain raphe
nuclei, thereby mediating numerous modulatory functions on various neuronal subtypes. Here, we focus on the
neuromodulatory effects of 5-HT on GABAergic inhibitory oriens lacunosum-moleculare (O-LM) cells in the hippocampal area
CA1 of the rat. These interneurons are thought to receive primarily local excitatory input and are, via their axonal projections to
stratum lacunosum-moleculare, ideally suited to control entorhinal cortex input. We show that 5-HT reduces excitatory
glutamatergic transmission onto O-LM interneurons. By means of paired recordings from synaptically connected CA1
pyramidal cells andO-LM interneuronswe reveal that this synapse ismodulated by 5-HT. Furthermore,we demonstrate that the
reduction of glutamatergic transmission by serotonin is likely to be mediated via a decrease of calcium influx into presynaptic
terminals of CA1 pyramidal cells. This modulation of excitatory synaptic transmission onto O-LM interneurons by 5-HT might
be a mechanism to vary the activation of O-LM interneurons during ongoing network activity and serve as a brain state-
dependent switch gating the efficiency of entorhinal cortex input to CA1 pyramidal neurons.
Key words: 5-HT, CA1, paired recordings, presynaptic neuromodulation
Introduction
The hippocampus receives a dense serotonergic innervation ori-
ginating from the midbrain raphe nuclei, both from the Median
raphe nucleus and to a lesser extend from the Dorsal raphe nu-
cleus (Freund et al. 1990; Vertes 1991, 1999). Earlier studies on
the cellular neurophysiology of serotonergic signaling predomin-
antly focused on the neuromodulation of intrinsic cellular prop-
erties and the neuromodulation of synaptic transmission on
hippocampal pyramidal neurons. In these studies, multiple
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important effects of 5-HT have been identified, mediated by a
number of distinct pre- and/or postsynaptic receptors (Segal
1980; Andrade and Nicoll 1987; Barnes and Sharp 1999). In con-
trast, relatively few studies investigated the neuromodulatory ef-
fects of 5-HT on GABAergic inhibitory interneurons in the
hippocampus (Varga et al. 2009; Winterer et al. 2011; Chittajallu
et al. 2013). Complicated by the high diversity of interneurons it
has not yet been possible to establish a clear picture of how sero-
tonin acts on these neuronal subtypes (Parra et al. 1998).
GABAergic interneurons are recognized as key players in the
synchronization of neuronal activity on various timescales and
in the generation of oscillatory patterns in the brain. These differ-
ent types of interneurons exhibit morphological, immunohisto-
chemical, and electrophysiological characteristics and are
differentially involved in oscillations at different frequencies
(Maccaferri and Lacaille 2003; Maccaferri 2005; Somogyi and
Klausberger 2005). One of the major classes of GABAergic inter-
neurons in the stratum oriens of the CA1 subfield of the hippo-
campus are oriens lacunosum-moleculare (O-LM) interneurons.
These interneurons fire correlated with hippocampal rhythms
(Klausberger et al. 2003; Goldin et al. 2007; Varga et al. 2012; Pan-
galos et al. 2013; Katona et al. 2014) and have been hypothesized
to coordinate cell assemblies (Tort et al. 2007). O-LM cells can be
considered as classical feedback inhibitory neurons due to their
predominantly local excitatory input from CA1 pyramidal cells.
Their axonal projections impinge on distal apical dendrites of
CA1 pyramidal cells as well as on local inhibitory interneurons
targeting the proximal portions of CA1 pyramidal dendrites. In
this respect O-LM interneurons are ideally suited to gate the ac-
tivity in area CA1, where they are able to facilitate the input
from the Schaffer collaterals via an indirect disinhibition of the
proximal dendritic compartments while reducing the input of
the temporoammonic (TA) pathway by inhibiting the distal apical
dendrites of CA1 pyramidal neurons (Leão et al. 2012).
Here, we show that 5-HT reduces excitatory glutamatergic
inputs onto O-LM interneurons and lowers their spike probability
in area CA1 of the hippocampus. We identify one source of exci-
tatory input that is modulated by 5-HT by paired recordings of
synaptically connected CA1 pyramidal neurons and O-LM inter-
neurons. Furthermore, our results indicate that this modulation
is mediated by a decrease of calcium influx into presynaptic
terminals of CA1 pyramidal cells.
Material and Methods
Ethics Statement
Animal husbandry and experimental intervention was per-
formed according to the European Council Directive 2010/63/EU
regarding the protection of animals used for experimental and
other scientific purposes. All animal maintenance and experi-
ments were performed in accordance with the guidelines of
local authorities, Berlin (T0100/03).
Preparation
Hippocampal slices were prepared fromWistar rats (P16-24, both
sexes) as previously described (Schmitz et al. 2003). In brief, the
animals were anesthetized with isoflurane, decapitated and the
brains were removed. Tissue blocks containing the subicular
area and hippocampus were mounted on a Vibratome (Leica
VT1200 S) in a chamber filledwith ice-cold artificial cerebrospinal
fluid, ACSF, containing (inmM): NaCl, 87; sucrose, 75; NaHCO3, 26;
KCl, 2.5; NaH2PO4, 1.25; CaCl2, 0.5; MgCl2, 7; glucose, 25, saturated
with 95% O2, 5% CO2, pH 7.4. Transverse slices were cut at 300 μm
thickness. The slices were taken from ventral to medial hippo-
campus. They were kept at 35°C for 30 min and then stored in a
submerged chamber, where they were kept for 1–4 h before
being transferred to the recording chamber. Another subset of
slices was transferred directly after cutting to an interface cham-
ber where they were stored at ∼32°C before being transferred to
the recording chamber. The effect of serotonin was robust in
both storage conditions.
In the recording chamber, slices were perfused with ACSF
containing (in mM): NaCl, 119; NaHCO3, 26; glucose, 10; KCl 2.5,
CaCl2, 2.5; MgCl2 1.3; NaH2PO4, 1 at a rate of 4–5 mL/min at
31–34°C. All ACSF was equilibrated with 95% O2 and 5% CO2.
Electrophysiology
Whole-cell recording electrodes were filled with (in mM): K-glu-
conate 120–135, HEPES 10, Mg-ATP 2, KCl 20, EGTA 0.5, Phospho-
creatine 5 adjusted to 7.3 with KOH. For paired recordings, the
electrode for the presynaptic CA1 pyramidal neuron was filled
with (in mM): K-gluconate 105, HEPES 10, Na2-ATP 2, Na2-GTP
0.3, Mg-ATP 2, KCl 40, MgCl2 2, EGTA 0.1, Na2-phosphocreatine
1, -glutamate 0.1, adjusted to 7.3 with KOH. For staining and re-
construction of the recorded neurons, ∼0.25% biocytinwas added
to the intracellular solution. Depolarizing current steps of 1 s dur-
ation were applied to characterize the cells’ discharge behavior.
Excitatory postsynaptic responses were evoked by electrical
stimulation (100 μs at intervals of 50 ms) in stratum oriens of
area CA1 via a broken patch-pipette (∼8 μm) filled with ACSF. Ex-
periments were done in the presence of the GABA-A receptor
antagonist gabazine (1 μM) and NBQX (100 nM) to prevent epilep-
tiform activity and to minimize polysynaptic activity except
where pairs or extracellular evoked spikes (Fig. 2D) were recorded.
mEPSCs were recorded in the presence of tetrodotoxin (TTX)
(1 µM) and gabazine (1 µM).
Peaks of extracellularly evoked spikes exhibited a delay of
∼4–8 ms to the stimulus. The interstimulus interval was set to
125 ms. In this set of experiments, the membrane potential of
O-LM interneurons was kept constant at −60 mV.
Access resistances ranged between 9 and 31 MΩ (on average
14.2 ± 0.8 MΩ) for O-LM interneurons. They were continuously
monitored during the recording and were not allowed to vary
>30% during the course of the experiment. In current-clamp con-
figuration, bridge balance compensation was used. In some ex-
periments in voltage-clamp configuration slight changes in
series resistance were compensated. Electrode resistances ran-
ged from 3 to 5 MΩ.
Morphology of O-LM Interneurons and CA1 Pyramidal
Neurons
After recording, slices were transferred into a fixative solution
containing 4% paraformaldehyde and 0.2% saturated picric acid
in 0.1 M phosphate buffer. To reveal the presynaptic axonal ar-
borization and dendritic arbors in detail, the biocytin-filled cells
were subsequently visualized with 3,3′-diaminobenzidine tetra-
hydrochloride (0.015%) using standard ABC kit (Vector) and re-
constructed with the Neurolucida 3D reconstruction system
(MicroBrightField, Inc., Williston, VT, USA).
Glutamate Uncaging
20 mLof 50 or 200 μM (MNI)-caged--glutamate (Tocris, Bristol, UK)
were reperfused at 2.5–3.0 mL/min. For uncaging, we used a UV
pulsed laser (Rapp Optoelektronik, Wedel, Germany) attached
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with a 200 μmoptical fiber coupled into the epifluorescence port of
the microscope with an OSI-BX adapter (Rapp Optoelektronik,
Wedel, Germany) and focused on the specimen by the objective
lens. This yielded an illuminated circle of 20–50 μm. The duration
of the laser flash was 2 ms. The laser power under the objective
corresponding to the stimulus intensity level used wasmonitored
using a photo diode array-based photodetector (PDA-K-60, Rapp
Optoelectronics, Wedel, Germany) and did not change over time.
Glutamate was uncaged over the cell soma in the presence of
the GABA-A receptor antagonist gabazine (1 μM) and NBQX
(100 nM, to prevent epileptiform activity).
Fluorescence Measurements
The axonal fibers in CA1 stratum orienswere locally labeled with a
pressure streamof the low-affinity calcium indicatormagnesium
green AM (Invitrogen, Molecular Probes) dissolved in 5% Pluronic
for photodiodemeasurements (Breustedt et al. 2003). The indica-
tor was injected into area CA1 stratum oriens, the filling pipette
pointing toward the alveus (Fig. 6A). Recordings were started
40–90 min after sliceswere labeled. Axonswere stimulated extra-
cellularly (Fig. 6A) and epifluorescence was measured with a sin-
gle photodiode from a spot a few hundred micrometers away
from the loading site. The signals from the photodiodewere digi-
tized by data acquisition hardware (PCI-6036E National Instru-
ments, Austin, TX) at 5 kHz. The fluorescence intensity was
measured alternating every 30 s with and without stimulus and
the change in fluorescence intensity (ΔF) relative to the initial
baseline of fluorescence (F) was calculated. To exclude any post-
synaptic contribution to the signal all recordings were performed
in NBQX (20 µM) and -AP5 (50 µM).
Data Analysis
Data were acquired and analyzed with Igor Pro software (Wave-
Metrics, Lake Oswego, OR), NeuroMatic and custom written
MATLAB scripts (The MathWorks, Natick, MA).
Values in the text and the figures are expressed as mean ±
standard error of the mean (SEM) unless indicated otherwise
(as median and interquartile range, IQR). The nonparametric
Wilcoxon rank test was used for statistical comparisons in sets
of experimental data where normality could not be assumed.
To compare the numbers of successfully evoked spikes in control
versus fenfluramine, McNemar’s test was used (Fig. 2D). For nor-
mal distributed sets of data a paired or unpaired Student’s T-test
was used. Differences were considered statistically significant if
P < 0.05. All traces are averages of 5–10 sweeps unless otherwise
stated. For display purposes some traces were low-pass filtered
(<2 kHz) and a 50 Hz notch filter to remove line hum was applied
if necessary. In paired recordings (Fig. 4C) successful synaptic
transmission was counted as such if the postsynaptic amplitude
was larger than 1.5 standard deviations of the baseline (in the
absence of spontaneous events).
Drugs
5-Hydroxytryptamine creatine sulfate complex (5-HT), (RS)-N-
ethyl-1-[3-(trifluormethyl)phenyl]propan-2-amin(fenfluramine)
(both from Sigma), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f ]
quinoxaline-2,3-dione (NBQX), 4-[6-imino-3-(4-methoxyphenyl)
pyridazin-1-yl] butanoic acid hydrobromide (SR95531, gabazine),
-(−)-2-amino-5-phosphonopentanoic acid (-AP5), 4-Methoxy-
7-nitroindolinyl-caged--glutamate (MNI-caged--glutamate),
(4R,4aR,5R,6S,7S,8S,8aR,10S,12S)-2-azaniumylidene-4,6,8,12-tetra-
hydroxy-6-(hydroxymethyl)-2,3,4,4a,5,6,7,8-octahydro-1H-8a,
10-methano-5,7-(epoxymethanooxy) quinazolin-10-olate (TTX),
5-propoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo[3,2-b]
pyridine hydrochloride (CP 94253 hydrochloride), (±)-8-hydroxy-2-
dipropylaminotetralin hydrobromide (8-OH-DPAT hydrobromide),
(5′α,10α)-9,10-dihydro-12′-hydroxy-2′-(1-methylethyl)-5′-(phenyl-
methyl)-ergotaman-3′,6′,18-trione mesylate (dihydroergocristine
mesylate), (R)-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,
5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390 hydro-
chloride) (all from Tocris), Magnesium green AM (Invitrogen,
Molecular Probes).
Results
O-LM interneurons were identified by their location in stratum
oriens, the characteristic elongated shape of their somata and the
horizontally oriented dendrites aswell as their electrophysiologic-
al properties: the typical firing pattern in response to depolarizing
current pulses and the prominent sag potential in response to
hyperpolarizing current pulses (Fig. 1A, right, top). O-LM inter-
neurons displayed a strong facilitation in response to consecutive
synaptic stimuli (Fig. 1A, right bottom), as described previously
(Ali and Thomson 1998; Losonczy et al. 2002; Biró et al. 2005). A
subset of the recorded cells, identified by the above described
criteria, were further validated by biocytin stainings in which we
could identify the vertically projecting axons with an extensive
arborization in stratum lacunosum-moleculare (Fig. 1A, left).
5-HT Reduces Glutamatergic Transmission
on O-LM Interneurons
To study the excitatory synaptic transmission onto O-LM inter-
neurons, cells were held in voltage-clamp mode at −60 mV.
First, we examined the effect of 5-HT on the frequency of spon-
taneous excitatory postsynaptic currents (sEPSCs). The fre-
quency decreased from 4.1 ± 0.6 Hz to 2.3 ± 0.3 Hz during
application of 5-HT. This effect was fully reversible during wash-
out: 5.8 ± 0.6 Hz (n = 8; control vs. 5-HT: P = 0.0032; 5-HT vs. wash:
P = 0.0003, Student’s T-test; Fig. 1B,C, left). The amplitude of
sEPSCs did not change significantly (baseline: 21.4 ± 3.1 pA vs.
19.2 ± 1.6 pA during application of 5-HT, P = 0.39, paired Student’s
T-test, n = 8; recovery: 23.7 ± 3.0 pA, Fig. 1B,C, right).
Next, we examined the effect of 5-HT on stimulus-induced
glutamatergic transmission in O-LM interneurons which was
evoked by a stimulating electrode positioned at the border of
the alveus and stratum oriens (Fig. 2A). 5-HTprofoundly and revers-
ibly reduced the amplitude of evoked excitatory postsynaptic
currents (eEPSCs) by 50.86% (median, IQR: 28.16%, n = 12;
Fig. 2B1,B2; baseline amplitude is significantly different from
amplitude during application of 5-HT, P = 0.0005, paired sample
Wilcoxon rank test). Upon application of 5-HT, we further ob-
served a change in the holding current of the recorded cells:
O-LM interneurons displayed a mean inward current of −61.6 ±
13.0 pA (n = 13; data not shown) indicative of a postsynaptic
expression of 5-HT receptors in O-LM interneurons (Lee et al.
1999; Chittajallu et al. 2013).
Fenfluramine Mimics the Effect of 5-HT on Glutamatergic
Transmission
To address the question whether physiological release of 5-HT
from serotonergic fibers in the hippocampus induces similar ef-
fects, we used the compound fenfluramine, which is thought to
provoke the release of serotonin: fenfluramine disrupts the
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vesicular storage of 5-HT and consecutively reverses the sero-
tonin transporter. As a result, the extracellular concentration of
5-HT is increased. In the following sets of experiments, we tested
whether the inhibitory effect of serotonin on EPSCs could be
mimicked by fenfluramine induced release of endogenous 5-HT
from hippocampal serotonergic fibers. We observed a clear and
reversible reduction of the EPSC amplitude by application of fen-
fluramine by 26.15%, median, IQR: 8.95% (amplitude before and
during fenfluramine application is significantly different, paired
sample Wilcoxon rank test P = 0.0156, Fig. 2C1,C2, n = 7). Further-
more, we investigated the effect of fenfluramine on the spiking
probability of O-LM interneurons. Spikes could be readily evoked
by a theta stimulation protocol in which 5 brief current pulses
with an interstimulus interval of 125 ms were delivered.
The number of spikes elicited was either strongly reduced or all
spikes were abolished under fenfluramine (number of success-
fully evoked spikes in control vs. fenfluramine: P < 0.000001,
McNemar’s test, Fig. 2D).
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Figure 1. 5-HT inhibits spontaneous EPSCs in O-LM interneurons. (A) Left, reconstruction of an O-LM interneuron (dashed: outline of cell layers, black: cell body and
dendrites, red: axon). Right top, typical voltage responses of an O-LM cell to de- and hyperpolarizing current pulses. Right bottom, strongly facilitating excitatory
postsynaptic current amplitudes to consecutive extrasynaptic stimuli. (B) Example traces of spontaneous EPSCs under control conditions and in 10 µM 5-HT.
(C) Cumulative probability of interevent intervals (IEI, left) and amplitude of spontaneous EPSCs (right) under control conditions, in 10 µM 5-HT and after wash (n = 8).
s.l.m., stratum lacunosom-moleculare; s.o., stratum oriens, s.p., stratum pyramidale; s.r., stratum radiatum.
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Figure 2. Bath-applied as well as endogenously released 5-HT decreases stimulus-evoked EPSCs. (A) Recording configuration with an extracellular stimulating electrode
positioned at the border of the alveus and stratum oriens. (B1) Top, example traces of stimulus-evoked EPSCs. Bottom, time course of the EPSC amplitude before, during and
after washout of 10 µM 5-HT. (B2) Summary of the time course of the normalized and binned EPSC amplitudes (n = 12). (C1) Top, example traces of stimulus-evoked EPSCs.
Bottom, time course of the EPSC amplitude before, during and after washout of 200 µM fenfluramine. (C2) Summary of time course of the normalized and binned EPSC
amplitudes (n = 7). (D) Endogenously released 5-HT reduces spiking probability. (D1) Example experiment where spikes were evoked in an O-LM interneuron by
extracellular stimulation. Five pulses at theta frequency (interstimulus interval: 125 ms) were delivered. * Indicate stimulus time points. Top, example traces in control
conditions (black) and in fenfluramine (200 µM, gray). (Inset) EPSP evoked by the first stimulus in control condition (black) and in fenfluramine (gray), average of 4 traces
each, scale bar, x: 20 ms, y: 5 mV. Bottom, time course of experiment displayed as raster plot of spikes evoked in response to stimulation. Spikes were abolished shortly
after washing in fenfluramine (gray area). (D2) Summary, spike count normalized to the summed and averaged spike counts of trials under control conditions. Inset,
averaged spike counts under control conditions and in fenfluramine (n = 5).
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5-HT Reduces Excitatory Synaptic Transmission at
the CA1 Pyramidal Cell–O-LM Interneuron Synapse
O-LM interneurons are considered as classical feedback inhibitory
interneurons as they receive excitatory input predominantly from
recurrent CA1 pyramidal cell axons (Blasco-Ibáñez and Freund
1995). To test the assumption that 5-HT acts at the CA1 pyram-
idal–O-LM interneuron synapse, we performed paired recordings
from synaptically connected CA1 pyramidal cells and O-LM inter-
neurons. In this set of experiments, we tested 18 simultaneously
recorded CA1 pyramidal cell–O-LM interneuron pairs, 5 of which
were synaptically connected. Post hoc neuroanatomical analysis
confirmed the cellular identities of O-LM and pyramidal neurons
in all 5 synaptically connected paired recordings (Fig. 3A). O-LM in-
terneuronsdisplayeda strong facilitationof thepostsynaptic amp-
litude in response to consecutive action potentials (APs) elicited in
the presynaptic pyramidal cell (Fig. 3B1). Themean baseline amp-
litudeof thefirst unitaryEPSC (uEPSC)was 7.2 ± 0.4 pA (n = 4; oneof
the O-LM interneurons displayed a reliably detectable postsynap-
tic current only after the fourth presynaptic AP and was therefore
not considered for analysis). After application of 5-HT, we ob-
served a profound and fully reversible reduction in the amplitudes
of all uEPSCs (Fig. 3B1,B2). 5-HT reduced the amplitude of the first
uEPSC to 30.7 ± 6% (n = 4; Fig. 3C and D). Taken together, these re-
sults confirm the assumption that 5-HT reduces the excitatory
drive from local CA1 collaterals onto O-LM interneurons.
Presynaptic Modulation of Glutamatergic Transmission
onto O-LM Interneurons
We sought to further characterize the mechanism underlying
the observed modulation of glutamatergic inputs onto O-LM
interneurons in area CA1. We considered 3 possible scenarios to
explain our findings: 1) The observed reduction in amplitude of
EPSCs could be due to a modulation on the presynaptic site of ex-
citatory terminals; 2) it could be mediated by modifications at the
postsynaptic site, or 3) a combination of both scenarios could ac-
count for the effect of 5-HT. To study the location of 5-HT action,
we first investigated the effect of 5-HT on miniature EPSCs
(mEPSCs), recorded in the presence of the sodium channel blocker
TTX. Under these conditions, neurotransmitter release upon
spontaneous vesicle fusion can be tested independent of AP-
mediatedCa2+ influx. Therewasno significant difference in the in-
cidence or amplitude of mEPSCs after bath application of 5-HT
(Fig. 4A, n = 10, frequency: control 2.4 ± 0.3 Hz vs. 1.9 ± 0.3 Hz in
5-HT (P = 0.15), amplitude: control: 24.3 ± 2.2 pA vs. 22.6 ± 2.1 pA
in 5-HT, P = 0.191, paired Student’s T-test).
To gain further insights into the site of serotonergic action,
we performed single-photon laser stimulation of MNI-caged-
-glutamate. In this set of experiments, a constant amount of
caged glutamate is uncaged by laser stimulation and therefore
the presynaptic site is not involved. However, a decrease in the
glutamate evoked EPSC amplitude by the application of 5-HT
was not observed (Fig. 4B, n = 4). Furthermore, we analyzed the in-
cidence of synaptic failures of the first and second EPSC in the
synaptically connected paired recordings. We observed that
the failure rate increased upon application of 5-HT (n = 4; failure
rate of the first EPSC under control condition: 64.1 ± 5% vs. failure
rate in 5-HT: 81.6 ± 3%, Fig. 4C. Failure rate of the second EPSC
under control condition: 39.2 ± 3% vs. failure rate in 5-HT:
72.7 ± 7%). Summarizing these findings supports the conclusion
that a postsynaptic mechanism is unlikely to be responsible for
the reduced excitatory glutamatergic transmission onto O-LM
First
C
C
C
C
A
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C
Figure 3. Serotonin reduces glutamatergic excitatory synaptic transmission at the CA1 pyramidal cell–O-LM interneuron synapse. (A) Reconstruction of a synaptically
connected pyramidal cell–O-LM interneuron pair (dashed: outline of cell layers, black: cell body and dendrites of O-LM interneuron, red: axon of O-LM interneuron;
gray: cell body and dendrites of pyramidal cell, blue: axon of pyramidal cell). Middle, left, voltage responses of the shown O-LM cell to de- and hyperpolarizing current
pulses. (B1) Strongly facilitating unitary excitatory postsynaptic currents to consecutive APs, elicited in the presynaptic pyramidal cell. Below the postsynaptic response to
consecutive APs after 5-HT application and after washout of 5-HT are shown. (B2) Grand average of the postsynaptic responses of 4 connected pairs in the indicated
conditions. (C) Traces of uEPSCs evoked by the first presynaptic AP (time point indicated by arrow) in 4 cells under control conditions, after application of 10 µM 5-HT
and after washout of 5-HT. (D) Summary of the reduction of the normalized first uEPSC amplitude by application of 5-HT and after washout of 5-HT (n = 4). s.l.m.,
stratum lacunosom-moleculare; s.o., stratum oriens, s.p., stratum pyramidale; s.r., stratum radiatum.
5-HT Decreases Excitation of O-LM Interneurons Böhm et al. | 4577
interneurons by serotonin application. Thus, we conclude that
the mechanism is most likely presynaptic.
Mechanism of Action
After having localized the site of action, we aimed to identify the
5-HT receptor subtype mediating inhibition of glutamatergic
transmission. At first, we confirmed with the unspecific 5-HT an-
tagonist dihydroergocristine mesylate that the reduction in EPSC
amplitude can indeed be blocked by antagonizing 5-HT receptors
(n = 7, median of normalized amplitude in dihydroergocristine
mesylate 0.84, IQR: 0.26, EPSC amplitude in dihydroergocristine
mesylate vs. EPSC amplitude in dihydroergocristine mesylate
and 5-HT: P = 0.3, paired Wilcoxon rank test, Fig. 5A). One candi-
date presynaptic receptor is the 5-HT1B receptor that has been
shown to modulate glutamatergic transmission of CA1 pyram-
idal cells (Winterer et al. 2011). However, application of the
5-HT1B receptor agonist CP 94523 did not mimic the effect of
5-HT on evoked EPSCs (median of normalized amplitude in CP
94523 is 0.834, IQR: 0.28, EPSC amplitude in control vs. EPSC amp-
litude in CP 94523: P = 0.15, paired Wilcoxon rank test, Fig. 5B).
Next, we investigated the possibility that presynaptic 5-HT1A re-
ceptors might be responsible for mediating the reduction of glu-
tamate release (Schmitz et al. 1995, 1999; Fink and Göthert 2007).
Indeed, application of the 5-HT1A agonist 8-OH-DPAT could, in
part, mimic the effect of 5-HT on evoked EPSCs (median of nor-
malized amplitude in 8-OH-DPAT: 0.76, IQR: 0.21, EPSC amplitude
in control vs. EPSC amplitude in 8-OH-DPAT: P = 0.016, paired
Wilcoxon rank test, Fig. 5C1). Furthermore, the 5-HT1A receptor
antagonist Way100635 reduced the action of 5-HT, when com-
pared with control conditions (median of normalized amplitude:
0.78, IQR: 0.3, EPSC amplitude in Way100635 vs. EPSC amplitude
in Way100635 and 5-HT: P = 0.01, paired Wilcoxon rank test,
Fig. 5C2). We conclude that the presynaptic activation of 5-HT1A
p
a
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Figure 4. 5-HT acts most likely presynaptically. (A) Left, example traces of miniature EPSCs in control conditions (black) and in 10 µM 5-HT (gray). Right, cumulative
probability of interevent intervals and amplitude of miniature EPSCs in control conditions and in 10 µM 5-HT (n = 10). (B) Top, recording configuration for glutamate
uncaging. With a laser flash glutamate is uncaged in the immediate vicinity of the soma of an O-LM interneuron. Middle, example traces of the glutamate evoked
current before (black) and after the application of 10 µM 5-HT (gray). Bottom, summary of the time course of the glutamate evoked current. Depicted is the normalized
and binned peak amplitude. Note that the amplitude is not decreased after application of 5-HT (n = 4). (C) Left, example of connected pyramidal–O-LM pair, top, overlay of
uEPSCs in control conditions and in 5-HT,middle, time course of successful synaptic transmission and failures. Bottom, time course of the uEPSC amplitude (as shown in
top row) before, during and after washout of 10 µM 5-HT. Note that the failure rate increases during application of 5-HT. Right, summary of failure rate in synaptically
connected paired recordings under control conditions and in 10 µM 5-HT (n = 4).
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receptors is partially responsible for the inhibition of glutamater-
gic transmission onto O-LM interneurons.
5-HT1A receptors might mediate the observed effect of 5-HT
on glutamatergic transmission by hyperpolarizing the presynap-
tic pyramidal cell. This hyperpolarization is mediated by the
opening of G-protein-gated inwardly rectifying K+ channels
(GIRK) (Andrade and Nicoll 1987; Segal et al. 1989; Schmitz et al.
1995). However, application of the GIRK-channel blocker
SCH23390 did not prevent the reduction of excitatory synaptic
transmission onto O-LM interneurons by 5-HT (mean inhibition
of amplitude: 42.73% ± 9.7, n = 4, Fig. 5D).
5-HT receptor activation could target calcium channels via
G-proteins (Mizutani et al. 2006) resulting in a reduced Ca2+ influx
and thereby decreasing Ca2+-dependent vesicle release. To test
this hypothesis, we evaluated if 5-HT reduces Ca2+ influx into
the presynaptic terminals of CA1 pyramidal cell axons that are
predominantly contributing to the glutamatergic synaptic trans-
mission onto O-LM interneurons. We adapted an optical record-
ing method described previously (Regehr and Tank 1991;
Breustedt et al. 2003), in which the presynaptic fibers in stratum
oriens are labeled with the low-affinity fluorescent Ca2+ indicator
dye magnesium green AM. These recordings were done in the
A B
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Figure 5. Effect of 5-HT receptor subtype (un)specific compounds on eEPSC amplitude. (A–D) Time course of averaged, normalized, and binned amplitude. The paired
Wilcoxon sign rank test was used to compare amplitudes in the indicated conditions (tested on raw, not normalized amplitudes). (A) In the presence of the unspecific
5-HT receptor antagonist dihydroergocristine mesylate the effect of 5-HT on the EPSC amplitude is abolished. (n = 7, P = 0.30). (B) The 5-HT1B receptor agonist CP 94523
does not mimic the 5-HT effect. (n = 8, P = 0.15). (C1) The 5-HT1A receptor agonist 8-OH-DPAT reduces eEPSC amplitudes (n = 7, P = 0.02). (C2) The 5-HT1A receptor
antagonist WAY100635 partially blocks the 5-HT effect on eEPSC amplitude (n = 15, P = 0.01). For comparison the eEPSC amplitude in control conditions, that is, in the
absence of the antagonist is shown (n = 12) (red, compare Fig. 2B, unpaired Wilcoxon test, P = 0.0002). (D) In the presence of the GIRK-channel blocker SCH23390 5-HT
still reduces the amplitude of eEPSCs (n = 4). Also compare Figure 2B2.
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presence of NBQX and -AP5 to exclude a postsynaptic contribu-
tion to the signal. AP driven Ca2+ influx into the presynaptic ter-
minal was elicited by a single extracellular stimulation electrode
positioned at the border of stratum oriens and alveus. The rise in
presynaptic Ca2+ was quantified using the transient increase of
the fluorescence signal (see Materials and Methods; Fig. 6A). To
ensure that the detected signal was actually due to Ca2+ influx,
we applied the unspecific Ca2+ channel blocker CdCl2 which
abolished the Ca2+ transient (Fig. 6B). We then tested the effect
of 5-HT on the presynaptic Ca2+ transient and found that in-
deed 5-HT reversibly decreased the Ca2+ transient amplitude
by 13.9 ± 3.2% on average (n = 11, amplitude in 5-HT is signifi-
cantly different from control: P = 0.006, paired Student’s
T-test, Fig. 6C,D).
To further corroborate this finding, we tested whether a re-
duction in Ca2+ influx can account for the inhibition in glutama-
tergic transmission induced by serotonin. We therefore reduced
the extracellular Ca2+ concentration from 2.5 to 2.0 mM (n = 5,
amplitude in 2.5 mMCa2+ is significantly different from the amp-
litude in 2 mM Ca2+: P = 0.0022, paired Student’s T-test, Fig. 7A,C)
and compared the reduction in amplitude of the calcium transient
to the reduction observed under 5-HT: 5-HT application as well as
lowering the extracellular Ca2+ concentration displayed a com-
parable amount of reduction of the Ca2+ transient (13.9 ± 3.2%
in 5-HT vs. 16.0 ± 1.7% in 2 mM Ca2+, the reduction in amplitude
observed in 5-HT and lowered Ca2+ concentration are not differ-
ent: P = 0.6731, unpaired Student’s T-test, Fig. 7A,C, left).
We hypothesized that if the reduced calcium influx into the
presynaptic terminal is responsible for the inhibition of glutama-
tergic transmission, a reduction of the extracellular calcium con-
centration should also be able to mimic the 5-HT effect on EPSCs
evoked by electrical stimulation. Indeed, reducing the available
calcium by the same amount as in the imaging experiments
(0.5 mM), resulted in a reduction of the amplitude of the eEPSCs
A
B
D
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Figure 6. Decreased presynaptic calcium influx can account for the reduction of glutamatergic transmission by 5-HT. (A) Ca2+-imaging recording configuration. Axonal
fibers were filled with the Ca2+-sensitive dye magnesium green AM (green) by bulk loading and stimulated with an extracellular electrode positioned at the border of
the alveus and stratum oriens. The resulting Ca2+ transients were measured with a photodiode. (B) Top, example traces of the Ca2+ transients in control and in 20 µM
CdCl2. Bottom, time course of ΔF/F amplitude of the Ca
2+ transients shown above. Note that the transient is abolished in the presence of the calcium channel blocker
CdCl2. (C) Top, example traces of the calcium transient in control, in 10 µM 5-HT and after wash. Bottom, time course of ΔF/F amplitude of the above transients.
(D) Summary of time course of ΔF/F amplitude (n = 11).
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by 37.4 ± 8.6% (n = 5, Fig. 7B,C right), similar to the reduction we
observed with 5-HT (n = 12; 50.1 ± 6.1%, Fig. 7C, right, P = 0.2676,
unpaired Student’s T-test).
In summary, we could show that 5-HT inhibits excitatory syn-
aptic transmission at the pyramidal cell–O-LM interneuron syn-
apse in CA1. This effect most likely involves a decrease of
calcium influx into the presynaptic terminal and is mediated by
presynaptic 5-HT receptors.
Discussion
Here we show by means of electrophysiological recordings and
Ca2+ measurements that 5-HT reversibly reduces excitatory glu-
tamatergic synaptic transmission onto O-LM interneurons,
which leads to a decrease in spiking probability of O-LM inter-
neurons in area CA1 of the hippocampus. Our findings indicate
that 5-HT decreases the Ca2+ influx into the presynaptic terminal
of CA1 pyramidal cells and that this modulation is most likely re-
sponsible for the reduction in glutamatergic synaptic transmis-
sion at the pyramidal cell–O-LM interneuron synapse.
At first, we observed a reduction of the frequency of spontan-
eous EPSCs in O-LM interneurons by the application of 5-HT.
Spontaneous EPSCs are generated either by Ca2+-independent
spontaneous fusion of vesicles with the presynaptic plasma
membrane (mEPSCs) or by Ca2+-dependent vesicular release in
response to spontaneous APs.We found that the observed neuro-
modulation by 5-HT critically depends on presynaptic APs, as the
decrease in the frequency of sEPSCs was lost after application of
TTX. The finding that mEPSCs are not affected, neither in fre-
quencynor in amplitude, could be in linewith the following scen-
ario: 5-HT could induce a hyperpolarization of the presynaptic
pyramidal cell, mediated by the opening of GIRK channels by
5-HT1A receptor activation (Andrade and Nicoll 1987; Segal et al.
1989; Schmitz et al. 1995). This would diminish the frequency of
sEPSCs because of a decrease in the number of spontaneous
spikes as has been shown in vivo (Richter-Levin and Segal
1992). This possibility seems to be unlikely because application
of a GIRK-channel blocker could not prevent the reduction of ex-
citatory synaptic transmission onto O-LM interneurons by 5-HT.
Another potential target of 5-HTmight be astrocytes, which have
been shown to react on 5-HT (Schipke et al. 2011), and in turn are
able to modulate neurotransmission (Araque et al. 1999). How-
ever, the time course of reaction to 5-HT in astrocytes (Schipke
et al. 2011) differs largely from the type of modulation described
here.
Themore likely site of action is an activation of 5-HT receptors
at the axon terminals of the presynaptic cell, which leads to a de-
crease in Ca2+ influx; this mechanism would not affect the prob-
ability of spontaneous vesicle fusion, and is in line with our
finding that 5-HT does not affect mEPSCs.
We next investigated the effects of 5-HT on EPSCs evoked by
extracellular stimulation in stratum oriens/alveuswhere activation
of axonal fibers from CA1 pyramidal cells is most likely. As exci-
tatory connections on O-LM cells originate predominately from
local CA1 collaterals (Blasco-Ibáñez and Freund 1995), the 5-HT-
mediated decrease in amplitude of stimulus-evoked currents is
most likely the result of a depression of glutamatergic transmis-
sion from local CA1 pyramidal cells. We confirmed this assump-
tion with paired recordings from synaptically connected CA1
pyramidal neurons and O-LM interneurons. In this set of experi-
ments 5-HT mediated a robust increase of synaptic failures, that
is, presynaptic AP initiation without successful synaptic trans-
mission. The very low initial release probability at this synapse
and its further reduction due to 5-HT prevented the analysis of
changes in short-term facilitation upon 5-HT application. In a
further set of experiments, we circumvented a possible seroto-
nergic modulation of the presynaptic site by means of photolyti-
cally activating glutamate. In doing so, the amount of glutamate
that activates postsynaptic glutamate receptors is kept constant.
Under these experimental conditions, we found that 5-HT had no
effect on the glutamate evoked response. Together, these obser-
vations are suggestive for a presynaptic mechanism mediating
the decrease in glutamatergic transmission.
Presynaptic modulation of transmitter release can be
mediated via a G-protein-mediated block of Ca2+ channels
(Thomson 2000; Mizutani et al. 2006; but see Gerachshenko
et al. 2009). As a consequence the Ca2+ influx into the presynaptic
terminal is reduced.Wewere able to show that indeed application
A B
C
Figure 7.The 5-HT induced reduction of the presynaptic Ca2+ transient aswell as the reduction of the glutamatergic synaptic transmission can bemimicked bya reduction
of the extracellular Ca2+ concentration. (A) Top, example traces of Ca2+ signals in control conditions, after application of 10 µM 5-HT, after washout of 5-HT and after
reduction of the extracellular Ca2+ concentration from 2.5 to 2 mM. Bottom, time course of the binned amplitude of the Ca2+ transient in control conditions, after
application of 10 µM 5-HT, after washout and in 2 mM Ca2+. (B) Example traces of stimulus-evoked EPSCs in control conditions and after reduction of the extracellular
Ca2+ concentration from 2.5 to 2 mM. (C) Summaries of the effect of 5-HT and the reduced extracellular Ca2+ concentration on the amplitude of the Ca2+ transients
and on the amplitude of stimulus-evoked EPSCs.
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of 5-HT leads to a decrease in presynaptic Ca2+ levels. Although
our method does not allow specific loading of axon terminals
on O-LM cells, they are likely to constitute a considerable fraction
of the loaded fibers; hence, they contribute substantially to the
measured Ca2+ transient. Since these recordings were performed
under blockade of N-methyl--aspartate- and alpha-amino-3-
hydroxy-5-methyl-4-isoxazole-propionate-receptors, a postsy-
naptic contribution to themeasured Ca2+ signal can be excluded.
The observed inhibition of Ca2+ influx upon 5-HT applicationwas
within the expected range since the relationship between Ca2+
influx and transmitter release is nonlinear (Mintz et al. 1995;
Gundlfinger et al. 2007). Furthermore, we could show that a de-
crease in extracellular Ca2+ concentration is able tomimic the ef-
fects of 5-HT. This applies for the experiments where we probed
the presynaptic Ca2+ influx into the presynaptic terminals by
means of fluorescence measurements as well as in the experi-
ments where we tested the stimulus-induced EPSCs in O-LM
interneurons.
Under physiological conditions, 5-HT is released in the
hippocampus by axons originating from serotonergic neurons
in the midbrain raphe nuclei. With the aim of avoiding the ex-
ogenous application of serotonin by bath, we made use of fen-
fluramine to mimic physiological release of serotonin in the
hippocampus. Indeed, we observed that also endogenously re-
leased serotonin is able to reduce the excitatory synaptic trans-
mission onto O-LM interneurons. O-LM interneurons have been
shown to be active during hippocampal theta oscillations
(Klausberger et al. 2003; Katona et al. 2014). We aimed to
mimic theta-timed input onto O-LM-interneurons by extracel-
lular stimulation and could readily evoke spikes, suggesting
that the low release probability can be overcome by an appropri-
ate stimulus. Furthermore, the serotonergic modulation of glu-
tamatergic transmission described here significantly reduces
the spiking probability and therefore has an impact on the out-
put of O-LM interneurons
Serotonergic neuromodulation of O-LM interneurons could
have an important influence on the dynamics of hippocampal-
entorhinal cortex interaction. Active O-LM cells are presumed
to inhibit input from the entorhinal cortex via postsynaptic
GABAA receptor activation in stratummoleculare andmight in add-
ition mediate a reduction of glutamate and GABA release by
presynaptic GABAB receptors (Chalifoux and Carter 2011;
Urban-Ciecko et al. 2015). Deactivation of O-LM cells is likely to
strengthen entorhinal cortex input to CA1 via the TA pathway
(Maccaferri and McBain 1995). Moreover, it has been shown re-
cently that serotonin is able to induce a potentiation of the TA
pathway–CA1 synapses (Cai et al. 2013). In this respect, serotonin
is acting synergistically to increase the input via the TA pathway:
5-HT reduces the excitatory drive onto O-LM interneurons and
consequently releases the target region of the entorhinal projec-
tions from inhibition. The finding that O-LM interneurons differ-
entially modulate the input from CA3 and the entorhinal cortex
onto hippocampal CA1 neurons (Leão et al. 2012) puts serotoner-
gic neuromodulation of O-LM interneurons at center stage for
switching the information flow from direct TA pathway inputs
with sensory information to inputs with internal representations
stored in CA3.
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Discussion
In the following I will provide a more expansive discussion of issues that are not contained
or only touched on in the original research article's discussion. The rst part focuses on the
study concerning pyramidal cell modulation in the subiculum (Bohm et al., 2015b) and the
second part on the O-LM-interneuron study (Bohm et al., 2015a). The last section gives a
broader overview on both projects.
4.1 Extended discussion on `Functional diversity of subicular
principal cells during hippocampal ripples'
There are three major ndings in this study: rst, I have shown that in vivo the pyramidal
cell population in the subiculum comprises two major subtypes, i. e. burst and regular
ring cells. Second, the biophysical distinction between the two cell types is functionally
relevant, as shown by their dierent modulation during SWRs both in vivo and in vitro.
In vitro repatch experiments revealed that increased inhibition is responsible for the dier-
ent membrane potential modulation. Third, we have investigated the microcircuit of the
subiculum on a cellular level using a multiple-electrode patch-clamp approach. Unidirec-
tional connections between bursting and regular ring cells hint at an irreversible identity of
these subtypes. Furthermore, the intrinsic network topology provides a possible mechanism
for the opposing membrane potential modulation of regular and burst ring cells observed
here.
In the following sections I will discuss these ndings with respect to pyramidal cell di-
versity, possible mechanisms, depict functional consequences and illustrate some limitations
of our approach and will conclude with an outlook of possible future experiments.
4.1.1 Pyramidal cell diversity
So far, distinctions between subicular burst and regular ring cells in response to current
injections have only been described in vitro. A characterization in vivo might have been
47
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precluded by the extracellular recording methods used, because spike sorting algorithms
and widely used manual spike sorting rely on wave form and action potential amplitude.
These characteristics change within a burst, therefore it might be dicult to assign a burst
ring cell to one unit using spike sorting. However, a previous report `tentatively identied'
subicular cell subtypes based on interspike interval and autocorrelation, but the authors
note that intracellular recordings would be required to denitely determine their identity
(Sharp and Green, 1994). The subtypes identied based on spike train patterns did not
show any signicant dierence in strength of spatial signal (Sharp and Green, 1994).
Using the whole-cell patch clamp technique I have shown that regular and bursting cells
are discernible in vivo under physiological conditions and that the output mode, bursting
versus regular ring, is also reected in the ongoing network activity in awake, still mice.
This demonstrates that despite the manifold neuromodulators present in an intact awake
brain, naturally occurring inputs evoke bursts primarily in burst ring cells.
Interestingly, it has been found in CA1 pyramidal cells that cells with a high burst
propensity prior to exploration of a new environment are more likely to become the place
cells of that environment than their less bursty peers (Epsztein et al., 2011). Furthermore,
In the entorhinal cortex the propensity to re action potentials in doublets correlates with
the type of spatial modulation observed: cells ring predominantly in doublets tended to
exhibit grid cell periodicity while those ring less doublets were more often border cells and
head-direction cells (Latuske et al., 2015). These studies suggest that the temporal output
pattern is functionally relevant in many brain regions.
The delayed non-match-to-sample task is dependent on an intact subiculum at short
delays, and subicular principal cells are active during dierent phases of the task: either
their ring rate increases during the presentation of the sample and/or the early delay phase
or it is restricted to the delay phase. It would be interesting to see if these functionally
distinct cells correlate with the bursting and regular ring cell types, too (Hampson and
Deadwyler, 2003).
Recently a study combining sharp microelectrode and extracellular recordings as well
as histological analysis revealed dierences in modulation during SWRs of CA1 pyramidal
cells depending on cell depth. Supercial, preferentially calbindin immunopositive cells
tended to depolarize during ripples while deep, calbindin immunonegative pyramidal cells
had a predominantly inhibitory drive in urethane anesthetized rats (Valero et al., 2015).
Immunohistochemistry revealed a gradient of parvalbumin/gephyrin puncta density from
supercial to deep. The authors propose that this bias in perisomatic inhibition, see also
(Lee et al., 2014), together with a decreased excitation of deep CA1 pyramidal cells by
CA2 pyramidal cells might be responsible for the dierent modulation (Valero et al., 2015).
Together with our data this suggests that pyramidal cell diversity in the hippocampus
is a general principle and, further, that cells participating in SWRs are, at least in part
preselected by their immunohistochemical identity and their biophysical properties.
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In the subiculum, the cell subtype correlates both with long-range projection targets
(Kim and Frank, 2009) and local connectivity motifs. This principle has also been found
in other regions of the brain: for example in the somatosensory cortex area S1, where
cells with similar functional properties project to the same long-range target region (Chen
et al., 2013). Similarly, in the visual cortex area V1, response selectivity coincides with
connection patterns across layers (Velez-Fort et al., 2014) and locally (Ko et al., 2011).
These data suggest that functional specialization is accompanied or even determined by
structural features.
4.1.2 The mechanism(s) underlying the opposing membrane potential
modulation during ripples
Employing a model of SWRs in vitro I could show that the dierence in membrane po-
tential modulation is largely due to increased inhibitory input onto regular ring cells
during SWRs and, further, that parvalbumin positive interneurons receive excitatory input
during SWRs and emit action potentials. In a reduced slice preparation, in which both
the connections from MEC and the connections from area CA1 were interrupted, SWRs
could still be observed and also the dierential modulation during SWRs was still present.
This suggests that the dierential inputs arise from within the local network and cell-type
specic input from area CA1 is not needed to generate the cell subtype specic modu-
lation. We therefore investigated the local network topology and found that indeed the
inhibitory connection probability onto regular ring cells was higher than onto bursting
cells. This analysis included dierent types of interneurons, but restricting the analysis to
fast spiking interneurons also revealed a small but signicant dierence in the connection
probability. We conclude that dierential inhibition contributes to the membrane potential
dierences during ripples. However, additional mechanism might be at work in a more
intact preparation. GABAergic neurons are believed to act mostly local, yet, long-range-
projecting interneurons have been described in other areas (Melzer et al., 2012), therefore
it might well be the case that GABAergic connections from area CA1 or the contralateral
hemisphere impinging onto regular ring cells also contribute to the dierent membrane
potential modulation during ripples.
Considering the earlier timing of the membrane depolarization in bursting cells com-
pared to the membrane hyperpolarization of the regular ring cells with respect to the
ripple peak in area CA1 (on average, the maximum hyperpolarization in the regular r-
ing cells was 17 ms later than the maximum depolarization in bursting cells, although the
variability was quite high) the following scenario might arise in the intact brain: excita-
tory input from area CA1 and the entorhinal cortex excite both regular and burst ring
subicular pyramidal cells, next, the burst ring cells excite each other via their recurrent
excitatory connections, possibly aided by input from regular ring cells (however, we do not
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have experimental evidence for this latter assumption). In contrast, regular ring cells do
not receive any excitation from bursting cell as this is a unilateral connection. In addition,
regular ring cells are more strongly involved in the recruitment of interneurons, which
in turn are more densely connected to the regular ring cells, i.e., if regular ring cells
are activated, this activity dies out quickly, whereas if bursting cells are activated, they
excite each other and the reverberant activity among them might aid to depolarize their
membrane potential during ripples.
Of note, the underlying mechanism of dierential modulation of deep and supercial
pyramidal cells in CA1 under anesthesia appear at least in part to be dierent from that in
the subiculum: lack of excitation from CA2 to the deep pyramidal cells has been suggested
to be involved in the dierent modulation (Valero et al., 2015). This is not the case in the
subiculum as our in vitro repatch experiments identify inhibition as the only distinguishing
parameter in the slice. Together with the proximo-distal organisation of excitatory con-
nections from CA1 to the subiculum (Tamamaki et al., 1987; Witter et al., 2000) it seems
unlikely that the dierent modulation of subicular pyramidal cells is `inherited' from area
CA1. Nevertheless the gradient of parvalbumin positive puncta from supercial to deep
pyramidal cells identied in area CA1 is in line with our observation of dierent numbers
of inhibitory connections onto regular and burst ring cells in the subiculum.
Furthermore, as pointed out in the introduction, various neuromodulators act to in-
uence synaptic transmission and network dynamics and might also play a role in the
modulation of pyramidal cells during ripples; the subiculum receives neuromodulatory in-
put from various sources: noradrenaline from locus coeruleus (Loy et al., 1980), serotonine
from the median raphe nucleus (McKenna and Vertes, 2001), acetylcholine from the nucleus
of diagonal band (McKinney et al., 1983) and dopamine from the ventral tegmental area
(Gasbarri et al., 1994).
4.1.3 Functional consequences of pyramidal subtype{specic modulation
Regarding extrahippocampal targets, the axon collateralization of subicular neurons is in
contrast to the CA1 region very low: each subicular neuron tends to project to only one
target region (Naber and Witter, 1998). Both the projection target and the proportion
of regular versus burst ring neurons are topographically organized along the proximo-
distal axis, implying a cell subtype specic pattern of innervation of extrahippocampal
targets. Indeed, by means of retrograde tracers Kim et al. have shown that target regions
of the proximal subiculum (amygdala, lateral entorhinal cortex, nucleus accumbens and
medial/ventral orbitofrontal cortex) are innervated mostly by regular ring cells whereas
target regions of the distal subiculum (medial entorhinal cortex, presubiculum, retrosplenial
cortex and ventromedial hypothalamus) by bursting neurons (Kim and Spruston, 2012).
I could show that burst ring and regular ring cells are dierentially recruited during
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ripples: burst ring cells are activated during ripples while regular ring cells are inhibited.
Together with the anatomical details described above it is likely that mainly target regions
of the burst ring cells receive input from the subiculum during SWRs. For the medial
entorhinal cortex and the presubiculum, both target areas of the burst ring cells, it has
already been been shown that there is hippocampal ripple locked input as indicated by a
negative deection (sharp wave) (Chrobak and Buzsaki, 1994). It would be interesting to
see if the lateral entorhinal cortex receives less or no input during hippocampal ripples.
SWRs are especially suited for memory transfer because the time scale in which cortical
neurons are activated with respect to hippocampal activity is within that of plasticity
(Wierzynski et al., 2009). Furthermore the burst ring neurons appear to be an ideal bearer
of memory related information because their output mode, bursting, is a highly reliable way
of information transfer (Lisman, 1997) and is likely to be involved in the induction of long
term plasticity (Sjostrom and Nelson, 2002). This all points towards a central role of burst
ring neurons in the transfer of memory contents to cortical and subcortical targets.
Subicular pyramidal cells have also been shown to be spatially modulated (Deadwyler
and Hampson, 2004) and show robust theta phase precession (Kim et al., 2012). There
is evidence that, unlike hippocampal neurons, subicular neurons do not remap in dierent
environments (Sharp, 2006), while Kim et al found that a fraction of cells does remap
in changing environments (Kim et al., 2012). Furthermore, `boundary-vector cells', cells
with ring patterns that depend on the distance and the allocentric direction vector to a
delimitation of the environment have been described (Lever et al., 2009) and have been
hypothesized to provide input to place cells (Hartley et al., 2000). In a recent study the
properties of place cells with respect to proximo-distal position within the subiculum was
investigated and it was found that in the proximal subiculum place cells had sharp and
sparse place eld ring similar to area CA1 whereas further distal place cells had a higher
ring rate and more distributed spatial ring with multiple unitary elds (Kim et al.,
2012), resembling those seen in grid cells in the medial entorhinal cortex on a linear track
(Derdikman et al., 2009; Domnisoru et al., 2013). Therefore it seems likely that the dierent
output modes of regular and burst ring cells described here are also reected in the sparse
versus distributed spatial coding of their place elds. Additionally, the more distal place
cells, presumably burst ring cells, as they greatly outnumber regular ring cells in distal
subiculum, have on average a higher information content (Kim et al., 2012), i.e. at most
points in time it is more informative to estimate the animal's position from the ring pattern
of a population of bursting cells than from regular ring cells, again stressing the benecial
use of burst ring neurons in information processing. Since the medial entorhinal cortex
is one of the target areas of subicular burst ring cells in the distal part of the subiculum
and also receives input from medial entorhinal cortex (Honda et al., 2012), it is tempting
to speculate that the burst ring cells are providing and/or receiving input to the grid
cells of the medial entorhinal cortex, which are, like subicular place cells, less sensitive to
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environmental changes than place cells in other areas (Fyhn et al., 2007). Furthermore,
during SWRs, the spatial information might be distributed to other target areas involved
in processing of spatial information such as the presubiculum and the retrosplenial cortex
(Kim and Spruston, 2012).
Considering the spatial properties of the main input region to the subiculum, area CA1,
it has been shown that there is an analogous proximo-distal organization of spatial ring
properties, with proximal CA1 pyramidal cells, i.e. the cells that project to distal subiculum,
having more dispersed ring elds than distal CA1 pyramidal cells (Henriksen et al., 2010),
suggesting functional organization along a proximo-distal axis represents a more general
principle.
If the burst ring neurons are mainly concerned with the distribution and processing
of spatial information, what might be the function of the regular ring cells? The lateral
entorhinal cortex is believed to process non-spatial and object-related information (Harg-
reaves et al., 2005; Knierim et al., 2006; Tsao et al., 2013) and projects to the proximal
portion of the subiculum, presumably mainly to regular ring cells and is itself one of the
target regions of regular ring cells. Therefore it appears likely that the regular ring cells
are more involved in the processing of non-spatial, contextual information and distribute
this information to their target areas such as amygdala and nucleus accumbens. As I have
shown here, the regular ring cells are largely silenced during ripples, therefore it is unlikely
that they distribute this information during ripples. Yet it has been shown in a decision
making task that reactivation of ensembles of neurons that have previously been active
can also occur during non-SWR states such as theta and gamma oscillations (Johnson and
Redish, 2007). While a recent study suggests that regular ring cells are not participating
in gamma oscillations (Eller et al., 2015) it remains to be established whether they might
be activated during theta oscillations or during specic task or task periods. Of note, the
ring rate of the subicular principal cells is high compared to neighboring brain regions.
The decrease of this ring rate during ripples is also a signal to the downstream target
regions of the subiculum. The approximately 50 ms pause of excitatory inputs during a
ripple is expected to alter network dynamics in the target regions, too.
4.1.4 Limitations
One possible limitation might be the diering recording position of our in vitro and in
vivo experiments: the in vivo experiments have been conducted in the dorsal part of the
subiculum, whereas the in vitro experiments were conducted in the ventral to medial part of
the subiculum (from our lab's experience SWRs in vitro are more readily observed in these
slices). As the dierent modulation of burst and regular ring cells could be observed in
both sets of experiments, it is likely that the same mechanisms are at work. However, it is
not known if the connectivity pattern in the dorsal part of the subiculum is similar to what
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we have found in acute slices from the ventral to intermediate subiculum. Furthermore
it would be interesting to investigate what the connectivity matrix looks like in the very
proximal and very distal part of the subiculum. For example, we have shown that the
connection probability between regular to bursting cells is higher than among regular ring
cells. Does the number of recurrent connections remain the same in the very proximal part
of the subiculum, where there are only regular ring cells? I.e. is the number of connections
also determined by `who is around', that is, the micro environment of a cell?
In the in vivo part I inserted two glass electrodes through two separate craniotomies.
The LFP electrode was advanced to the distal CA1 region and the other electrode was
used to record single cells in the subiculum in juxtacellular or whole-cell patch-clamp con-
guration. This approach increased the stability of the whole-cell recordings but had the
disadvantage that the distance between the two electrodes might vary. Therefore the tim-
ing of the reference point, the peak of the ripple oscillations, relative to the intracellularly
recorded membrane potential might vary. In addition, although, ripples are expected to
occur largely simultaneous across the CA1 and the subiculum, it is still conceivable that
some events do not have a concurrent counterpart in the subiculum and might make the
detection of a modulation more dicult or variable. Possibly this might explain some of
the variability in modulation, ranging from hyperpolarization to depolarization, and cells
that did not show a clear modulation.
4.1.5 Outlook
The experimental ndings in the subiculum described here could be advanced along at
least two major lines: rstly, the functional impact of the cellular diversity could be further
explored, and secondly our ndings on the local network topology could be advanced to
reveal how bursting and regular ring cells are embedded into a larger anatomical network
of eerent and aerent projections. To proceed, a molecular marker for bursting and regular
ring cells would be of great advantage. However, such a marker has not been identied,
yet. One approach to achieve this could be by single-cell RNA sequencing methods (Zeisel
et al., 2015; Fuzik et al., 2016), in which the nucleus is harvested into the recording pipette
during patch-clamp recordings (which would allow the electrophysiological characterization
as burst or regular ring), then the content could be analyzed for its gene expression
patterns in the two cell subtypes. Once a marker was found, a genetically tagged mouse-
line could be engineered. As an alternative approach, one could take advantage of the fact
that bursting and regular ring cells have, at least in the furthest proximal and furthest
distal parts of the subiculum, largely non-overlapping target regions. Retrograde viruses
injected into the target regions could therefore be used to target almost exclusively one
subtype of cells (a similar approach has been taken by Znamenskiy and Zador (Znamenskiy
and Zador, 2013)). A disadvantage would be that not all, for example bursting cells would
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be infected and it would not be entirely specic for the cell subtype the infection is targeted
at. Once a suciently specic infection was achieved by one or the other method, it could
be combined with optogenetical techniques to specically modulate the activity of bursting
or regular ring cells. Thereby one could analyze eects on network dynamics, by, for
example, deactivating bursting cells whenever a ripple occurs. A fast feedback system
could be implemented to detect ripples early on, see e.g. (Jadhav and Frank, 2009), and to
trigger a light pulse from a light ber implanted into the subiculum. Would replay events
and/or spatial representation be disturbed? Furthermore, the impact of this perturbation
on downstream targets such as the MEC could be investigated. Ultimately one could ask
if burst or regular ring cells play a specic role in behavioral tasks, i. e. if behavioral
performance can be impaired by specically silencing one subtype of subicular pyramidal
cells but not the other.
The second line mentioned above concerns the larger anatomical network in which burst-
ing and regular ring cells are embedded. Beyond the known topography of projections from
area CA1 to the subiculum (Amaral et al., 1991), it would be interesting to investigate if
there is a systematic pattern of CA1 projections with respect to burst and regular ring
cells. As discussed above, bursting cells are according to our results locally only connected
to other bursting cells but not to regular ring cells - does this separation only occur in
the subiculum or do CA1 pyramidal cells and possibly also inhibitory interneurons have
preferential cell subtype targets in the subiculum? This question could be tackled in part
by labeling cells with a retrograde rabies virus in vivo that `jumps' exactly one synapse, i.e.
it infects presynaptic neurons of the primarily infected cell. During the whole-cell current
clamp recording biophysical and functional properties could be analyzed and after expres-
sion of a tag (usually a uorescent protein) in the presynaptic cells, the local connectivity
and also long range connections onto this cell could be studied (Rancz et al., 2011). Fur-
thermore, although burst and regular ring cells have in part dierent long-range projection
targets (Kim and Spruston, 2012), they still have common target areas and it remains to
be determined if and how projections of burst ring cells intermingle with those of regular
ring cells.
4.2 Extended discussion on `Serotonin attenuates feedback
excitation onto O-LM interneurons'
By means of whole-cell patch-clamp recordings of O-LM interneurons in combination with
extracellular stimulation we could show that glutamatergic transmission onto O-LM in-
terneurons in area CA1 is decreased by serotonin. Paired recordings of connected pyramidal-
O-LM cells allowed us to identify a synapse that is modulated by 5-HT. The decrease in
excitatory synaptic transmission is most likely mediated by a decrease in calcium inux
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into presynaptic terminals and results, at least in part, from activation of the 5-HT1A
receptor subtype. This type of modulation is likely to be functionally important as ac-
tion potentials evoked by theta train stimulation could readily be suppressed by release of
endogenous serotonin. These experiments also show that the extremely low release proba-
bility, as demonstrated by the strong facilitation during consecutive stimuli as well as the
high failure rate in the paired recordings, can be overcome by a theta stimulation protocol.
This stimulation presumably leads to a high number of synchronously activated pyramidal
cells that provide convergent glutamatergic input onto each O-LM interneuron allowing a
suciently strong excitation to evoke action potential ring in O-LM interneurons despite
the low release probability at this synapse. In the following paragraphs I will discuss (i)
how pre- and post-synaptic modulatory eects of serotonin onto O-LM interneurons might
add up, (ii) the expression of 5-HT receptor subtypes on axon terminals, and (iii) the state-
dependent activity of serotonergic neurons. Finally I will consider some limitations of our
approach and point to possible future directions.
4.2.1 What is the net eect of serotonin released onto O-LM interneu-
rons?
In addition to the decrease in excitatory transmission upon 5-HT application, which we
focused on in this study, 5-HT has also been shown to evoke an inward current in interneu-
rons of the stratum oriens, mediated by 5-HT2 receptors (Lee et al., 1999). This would
depolarize O-LM interneurons, counterbalancing the reduction in excitatory transmission
onto O-LM interneurons. However, while we did observe an inward current upon 5-HT
application, we did not observe any prominent inward current after application of fenu-
ramine, an agent that triggers release of endogenous serotonin. The reason for this might
be that the amount of active serotonin that is released upon fenuramine application diers
from that resulting from bath applied serotonin. This might lead to dierent eects if the
receptors mediating the decrease in glutamatergic transmission and the one mediating the
inward current have dierent anities. Another explanation could be that the release of
serotonin from stores in the slice is closer to the synapse and does not reach the respective
postsynaptic somatic receptors responsible for the inward current. For both possibilities,
in a more `naturalistic' scenario in which serotonin is released upon raphe nuclei activity,
the primary eect will be a reduction in the excitatory transmission onto O-LM cells. We
conclude that the net eect of naturally released 5-HT onto O-LM interneurons will be a
decrease in their activity, in line with our data from the evoked spike trains.
4.2.2 CA1 pyramidal cell axons express dierent 5-HT receptor subtypes
CCK positive interneurons, parvalbumin positive fast spiking basket cells, as well as O-LM
interneurons are innervated mostly, if not exclusively by local CA1 pyramidal cells. For
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CCK positive interneurons it has been shown that serotonin reduces synaptic excitation
onto this cell type via presynaptic 5-HT1B receptors, in contrast to parvalbumin expressing
basket cells which are not modulated (Winterer et al., 2011). We have shown here that
excitation onto O-LM interneurons is decreased by serotonin, albeit mediated by a dierent
receptor subtype. From this it follows that there have to be CA1 pyramidal cell axons that
express either exclusively 5-HT1B - or 5-HT1A receptors or none of them. In addition, they
must then be selectively connected to the respective cell type. It remains to be investigated
if pyramidal cells express dierent receptor congurations on dierent axonal branches or
if a pyramidal cell with a certain conguration only targets specic cell types.
4.2.3 State{dependent activity of serotonergic neurons
As pointed out in the introduction, serotonergic signaling is involved in the regulation of
various cognitive and behavioral functions. Serotonin is released upon action potential trig-
gered vesicular release, therefore it should be feasible to infer timing and state dependence
of serotonin action from activity patterns of the raphe nuclei. Several studies have been
conducted in which extracellular recording methods have been employed to assess the ac-
tivity of raphe nuclei neurons: the ring rate was found to be higher in the awake state
than during sleep (McGinty and Harper, 1976; Trulson and Jacobs, 1979). However, the
interpretation of these data is complicated by the vast diversity of raphe nuclei neurons,
of which only a subset is serotonergic (Kirby et al., 2003). As a consequence the ring
rate of raphe nuclein neurons is not always predictive of serotonin release. Another study
in which putative serotonergic neurons were identied by their characteristic wave form,
reported reciprocal activity during sleep/wake states among serotonergic neurons of the
raphe nuclei (Urbain et al., 2006). Recently, recordings of identied serotonergic neurons
became available by employing juxtacellular recordings and subsequent immunohistochem-
ical analysis (Kocsis et al., 2006). This study demonstrated diverse correlations between
ring rate and theta/non-theta states among serotonergic neurons in awake animals: one
subpopulation of serotonergic neurons exhibited a clock-like activity that did not re co-
herent with hippocampal theta oscillations. However, the ring rate in 3 out of 4 cells was
decreased during theta states. Another subpopulation with conrmed serotonergic iden-
tity displayed phase-locked activity to hippocampal theta rhythm, although the ring rate
was similarly high, both during theta and non-theta states (Kocsis et al., 2006). Earlier
studies indicate that median raphe lesions lead to enhanced theta oscillations, independent
of behavior (Maru et al., 1979). This phenotype could be attributed to 5-HT1A receptor
function as 5-HT1A knock-out mice showed increased levels of theta oscillations as com-
pared to wildtype littermates (Gordon et al., 2005) and increased levels of anxiety-related
behavior (Ramboz et al., 1998; Heisler et al., 1998). These data indicate that under normal
conditions, serotonin serves to inhibit excessive theta oscillations.
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Previous studies have demonstrated that O-LM cells are active during theta oscilla-
tions. Interestingly, O-LM cells re during the trough of theta oscillations (Varga et al.,
2012; Katona et al., 2014), while a subset of serotonergic neurons elicits action potentials
during the peak of theta oscillations (Kocsis et al., 2006). Possibly, rhythmic release of sero-
tonin, i.e. phasic inhibition of glutamatergic transmission onto O-LM cells, might enable
the phase-locked activity of O-LM interneurons during hippocampal theta under normal
conditions. In the absence of serotonin action on 5-HT1A receptors, as in the knock-out
mice, the precise timing of O-LM cells with respect to theta oscillations might be lost,
interfering with a normal regulation of theta-oscillations. However, manifold changes in
synaptic transmission in dierent cell types and in dierent brain regions might contribute
to the observed phenotype.
Moreover, it was found that during the inactive component of slow wave activity (i.e.
in the absence of spindles, which in turn have been described to be associated with hip-
pocampal ripples (Sirota et al., 2003)), ring of identied serotonergic neurons is increased
compared to the active component (Schweimer et al., 2011). In this scenario glutamater-
gic transmission onto O-LM cells during SWRs is fully functional and active O-LM cells
(Varga et al., 2012; Pangalos et al., 2013; Forro et al., 2015) might contribute to limit the
inuence of entorhinal cortex input (Le~ao et al., 2012) while at the same time facilitating
intrahippocampal processing by counteracting Schaer-collateral feedforward inhibition.
4.2.4 Limitations and outlook
With our methods we were not able to fully resolve which combination of receptor subtypes
are responsible for the modulation by 5-HT. The commonly used 5-HT receptor subtype
agonists and antagonists are not entirely specic and exhibit a variety of side-eects that
might hinder the interpretation of the results yielded with those compounds. Moreover, it
was found that O-LM cells can be divided into two subgroups based on their developmental
origin and the expression of 5-HT3Areceptors (Chittajallu et al., 2013). In our study we did
not distinguish between those two and it is not unlikely that the pyramidal cells targeting
those two subtypes express dierent 5-HT receptor subtypes. This might be responsible
for the only partial blockade of the reduction of glutamatergic transmission onto O-LM
cells by the 5-HT1A antagonist. Furthermore, the time course, concentration and spatial
spread of serotonin bath application might dier from the natural conditions in vivo. In
addition, the tissue penetration of the compounds could be inhomogenous throughout the
slice and among dierent components. To partially overcome some of these limitations,
one could use genetically modied mouse lines in which serotonergic projections can be
specically activated and in this way evoke serotonin release more naturally. In addition,
new pharmacogenetic tools are being developed that will allow to target endogenously
expressed receptors in specic cell types.
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The observation that active O-LM cells can control incoming inputs from the EC and at
the same time disinhibit Schaer collateral input (Le~ao et al., 2012), led us to hypothesize
that serotonin might act as a switch from predominant intra-hippocampal computation and
the integration of inputs from the entorhinal cortex. This could be tested by comparing
the eciency of temperoammonic pathway and Schaer collateral stimulation in control
conditions and upon 5-HT application.
Understanding the action of serotonergic neuromodulation on a network level is of great
interest, also because malfunctioning of the serotonergic system has been implicated in a
number of psychiatric diseases. To fully understand how serotonergic neuromodulation is
related to changes in brain state and hippocampal activity, it will be required to monitor
the activity of identied serotonergic neurons and possibly manipulate them selectively.
Furthermore, mouse models of psychiatric diseases could be employed to screen both for
alterations in the serotonergic modulation of synaptic transmission, for example due to
dysfunctional serotonin receptors, or altered activity of serotonergic neurons in the raphe
nuclei.
4.3 Conclusions
The hippocampus, among other brain regions, is important for the formation, consolidation
and retrieval of memory. These functions demand a network that is capable of reliable
and yet exible computation in a brain-state dependent manner. In addition, incoming
intra- and extra-hippocampal signals need to be processed and integrated into existing
activity patterns, possibly representing earlier memory traces. A dened network of local
connections as well as long-range projecting neurons are nally necessary to appropriately
route and distribute the results of intrahippocampal computation to its many target regions
for further processing, such as evaluating possible behavioral responses and for long-term
storage.
Various types of plasticity and activity modulation on dierent spatial and temporal
scales are employed to fulll these functions. This thesis presents examples of some of
the principles that help to endow the hippocampus with its various functions: rstly, the
modulation of O-LM interneurons by serotonin serves as an example for the action of neu-
romodulators, which can be spatially distributed and yet specic by means of selective
receptor expression. The O-LM interneuron inuences and even gates incoming inputs
from both area CA3 and entorhinal cortex and is therefore in a strategically important
position to integrate information from other brain areas. Secondly, oscillations are a mean
to synchronize neuronal activity, which is important for the coordinated activity of groups
of neurons and neuron types. In my thesis I focused on ripples, which occur in a particular
brain state and play an important role in the consolidation of memory which in turn involves
information transfer to other cortical and subcortical areas. As the subiculum is one of the
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major output regions of the hippocampus I analyzed the sub- and suprathreshold modu-
lation of subicular pyramidal cells during these network oscillations. These results suggest
that the subiculum routes outgoing signals during ripples in a cell-subtype dependent fash-
ion. The functional diversity of principal neurons, which is supported by the local network
architecture, can be viewed as another path towards achieving the intricate computations
fullled by the hippocampus, addressed in this thesis.
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